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PREFACE 
 

Ladies and gentlemen, dear colleagues, 
 

Welcome to Zlatibor, to the International Scientific Conference Heavy Machinery 2017. 
This year the International Conference Heavy Machinery is held by the University of 

Kragujevac, Faculty of Mechanical and Civil Engineering in Kraljevo from 28 of June to 1 of 
July 2017.   

It has gained a unique recognizable form for exchange of information, ideas and new 
scientific researches. The Conference is held in the year when the Faculty of Mechanical and 
Civil Engineering in Kraljevo celebrates the 58th year of university teaching in mechanical 
engineering and sixth year of university teaching in civil engineering. 

For 24 years of its existence it has acquired specific and recognizable form in domestic 
and foreign scientific circles thanks to its scientific and research results.  

The goal of the Conference is to make the research from the fields covered at the Faculty 
of Mechanical and Civil Engineering in Kraljevo available and applicable both within 
domestic and foreign frames. Also, our scientific workers will have the opportunity to learn 
about results of research done by their colleagues from abroad in the fields of transport design 
in industry, energy control, production technologies, and civil engineering through the 
following thematic sessions: 
 

- Earth moving and transportation machinery, 
- Production technologies, 
- Automatic control, robotics and fluid technique, 
- Machine design and mechanics, 
- Railway engineering, 
- Thermal technique and environment protection, 
- Civil engineering and materials.  

High scientific rating of domestic and foreign participants as well as the number of 
papers provide guarantees that the Conference is going to be very successful.  

I wish to emphasize that this year we have a large number of papers, especially from 
abroad. The program also contains 104 invited papers in the plenary session. The invited 
lectures reflect the wide spectrum of important topics of current interest in heavy machinery. 
The sponsorship by the Ministry of Education and Science of the Republic of Serbia is 
supportive of efforts to promote science and technology in the area of mechanical and civil 
engineering in Serbia. We would like to express our sincere thanks to all members of scientific 
and organizing committee, reviewers, as well as to all participants including invited speakers 
for coming to Zlatibor to present their papers. 
 
Thank you and see you at the next conference. 
 
 Kraljevo – Zlatibor, June 2017 Conference Chairman,  
   
  Prof. Dr Milomir Gašić, mech eng. 
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Computer Modelling of a Digging Zone of a Single-bucket Excavator 
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The paper shows the technique, algorithm and computer programs in system Mathcad for definition of a working 

digging zone a single-bucket excavator with the working equipment a return shovel. The working zone of digging of a 
ground a single-bucket excavator includes several sites. The each site of a zone represents with computer program and  
graphically in system Mathcad. The offered algorithm of calculation and graphic representation of sites of a digging zone a 
single-bucket excavator with the working equipment the return shovel allows to reduce on order use time and labour input 
of such calculations, and also to make the corresponding researches connected about change of parameters of elements of 
the working equipment. 

Keywords: Digging zone, Single-bucket excavator, Technique, Computer program  
1. INTRODUCTION

One of the important characteristics a single-bucket 
excavator is the digging zone, which depends on 
equipment type, sites of the working equipment, the sizes 
of elements of the working equipment and corners of their 
turn. We will consider as an example modelling of a 
digging zone  by excavator with working the equipment a 
backdigger fig. 1. This digging zone  consists of following 
sites (arches): (0 - 1); (1 - 2); (2 - 3); (3 - 4); (4 - 5); (5 - 
6); (6 - 7) (7 - 0). Each of arches of a digging zone has the 
radius, a  turn angle and a center of arches. 

Construction of a digging zone is difficult process. It 
can be executed graphically or analytically. On Fig. 1 the 
example of a digging zone of a single-bucket excavator 
with the image of elements of the working equipment is 
resulted. 

Fig. 1. An example of a digging zone by excavator with a 
backdigger  

2. KINEMATIC ANALYSIS
The digging zone a single-bucket excavator 

represents certain sequence of the interconnected sites. For 
each of sites are known  values of turning angles all 
elements of the working equipment (a boom, a bucket arm 
and a bucket). The digging zone a single-bucket excavator 
includes several sites: 

- the first site (0 - 1) - is formed by turn only a bucket
from the maximum turning angle  (α3max) when the end 
of a tooth of a bucket moves from a point 0, to a point 1 
laying on a line a boom passing through an axis and an 
axis of turn of a bucket. Thus turning angles of boom 
(α1max) and the bucket arm (α2max) do not change; 

- the second site (1 - 2) - is formed by turn only boom
from the maximum turning angle (α1ma)x to the minimum 
turning angle (α1min) with the maximum start of a bucket. 
Thus turning angles of bucket arm and bucket do not 
change; 

- the third site (2 - 3) - is formed by turn only a
bucket from a point 2 to a point 3. The end of a tooth of a 
bucket moves from a point 2, to a point 3 laying on a line, 
a bucket arm passing through an axis and an axis of turn of 
a bucket. The turning angle a bucket will make – (φ fig. 4). 
Thus turning angles of boom and bucket arm do not 
change; 

- the fourth site (3 - 4) - is formed by turn only bucket
arm from the maximum turning angle (α2max) to the 
minimum turning angle (α2min) with the maximum start 
when the end of a tooth of  bucket moves from a point 3, 
to a point 4. Thus turning angles of boom and bucket do 
not change; 

- the fifth site (4 - 5) - is formed by turn only boom
with change turning angle of a boom from the minimum 
(α2min) to maximum possible (α2max). The end of a tooth 
of a bucket moves from a point 4, to a point 5. Thus 
turning angles of a bucket arm and a bucket do not change; 

- the sixth site (5 - 6) - is formed by turn only a
bucket with change of a turning angle from former 
position to is minimum possible (α3min). The end of a 
tooth of a bucket moves from a point 0, to a point 1. Thus 
turning angles of a boom and a bucket arm do not change; 

- the seventh site (6 - 7) - is formed by turn only
bucket arm from the maximum turning angle (α2max) to is 
minimum possible (α2min). The end of a tooth of a bucket 
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moves from a point 6, to a point 7. Thus turning angles of 
a boom and a bucket do not change; 

- the eighth site (7 - 0) - is formed by turn only a
bucket from is minimum possible (α3min) to the 
maximum turning angle (α3max). Thus turning angles a 
boom and a bucket arm do not change. 

As a rule, for simplification of the description of each 
element of the machinery and the mechanism it is spent in 
the local system of coordinates adhered to the projected or 
investigated element (a boom, a bucket arm and a bucket). 
However, for reception more product general 
characteristics the detailed description of the 
interconnected elements already in the basic system of 
coordinates is required. 

3. MODELLING OF A DIGGING ZONE
Modelling of a digging zone  of a ground includes: 
- construction of a matrix of transition from local

system of coordinates of a bucket to local system of a 
bucket arm; 

- construction of a matrix of transition from local
system of coordinates of a bucket arm to local system of a 
boom; 

- construction of a matrix of transition from local
system of coordinates of a boom to the basic system of 
coordinates of excavator; 

- definition of values of angles of an inclination of a
boom, a bucket arm and a bucket in the set ranges; 

- consecutive calculation of coordinates of each of
sites of a digging zone  with use of the developed 
algorithm of calculation both corresponding programs and 
representation of results of calculation in a graphic kind 

4. CONSTRUCTION OF A MATRIX OF TRANSITION
FROM ONE CO-ORDINATES TO ANOTHER
The basic system of coordinates 00X0Y0 excavator - is 

the system combined with a basic surface (ground) and an 
axis of rotation of a rotary platform. 

The working equipment of a single-bucket excavator 
has three degrees of freedom. Each  element of working 
equipment  (a boom, a bucket arm and a bucket) is defined 
by function of three angular coordinates: α1 - a corner of 
turn of a boom, α2 - a corner of turn of a bucket arm and 
α3 - a corner of turn of a bucket. We will accept, that
positive value of angular coordinates of turn of each 
subsequent system of coordinates corresponds to turn of 
axes of coordinates counter-clockwise. 

Each element of the working equipment has the local 
system of coordinates: a boom – 01Х1Y1; a bucket arm - 
02X2Y2; a bucket – 03X3Y3. The beginning of local system 
of coordinates choose in the basic or connecting hinge of 
the working equipment. Coordinates of each point of an 
element of the working equipment to define in the local 
system of coordinates much easier.  

Let's consider in the beginning transformation of 
coordinates of a point from local system of coordinates on 
a boom in the basic system of coordinates of excavator. 

On fig. 2 are presented the basic system of 
coordinates 00X0Y0  excavator and local system of 
coordinates of a boom 01Х1Y1. 

Fig. 2. Connection of two adjacent coordinates 

Assume, that coordinates of point Т (X1T, Y1T) in local 
system of coordinates 01Х1Y1 boom are known. It is 
required to define coordinates of this point in the basic 
system of coordinates 00X0Y0 - system of coordinates of 
excavator. 

The coordinate of point Т on axis X1 in system of 
coordinates 00X0Y0 can be defined, using rectangular 
triangles 01d4d5 and d1d5Т, 

0 1 4 3 4 1 4 1 5- 1 - 1,ТX О d d d a О d d d a= + = +   (1) 
where: 01d4 - a side of a rectangular triangle 01d4d5; 

    d1d5 - a side of a rectangular triangle d1d5Т; 
     a1 - coordinate of the beginning of coordinates of 

system 01Х1Y1 on axis Х0 of system 00X0Y0. 
Knowing value of a turning angle α1 of system 01Х1Y1 

concerning axis Х0 of system 00X0Y0, it is possible to find 
value of a side of a triangle 01d4 from a triangle 01d4d5.    

   1 4 1 1cos( ).TО d X α= ⋅     (2) 
It is possible to find value of a side of a triangle d1d5 

from a triangle d1d5Т
1 5 1 1sin( ).Td d Y α= ⋅      (3) 

Substituting expressions (2) and (3) in initial (1), we 
will receive expression X0Т

0 1 1 1 1 .cos( ) sin( ) 1T T TX X Y aα α= ⋅ − ⋅ +         (4) 

The coordinate of point Т on axis Y0 in coordinate 
system of 00X0Y0 can be defined, using sides of a triangle 
of rectangular triangles 01d4d5 and d1d5Т, 

0 1 3 1 4 5 11 1,TY d d Td b d d Td b= + + = + +  (5) 

where: d4d5 - a side  of a rectangular triangle 01d4d5; 
Тd1 - a side of a rectangular triangle d1d5Т; 
b1 - coordinate of the beginning of coordinates of 

system 01Х1Y1 on axis Y0 of system 00X0Y0. 
Knowing value of a turning angle α1 it is possible to 

find value of a side of a triangle d4d5 from a triangle 01d4d5. 

  4 5 1 1sin( ).Td d X α= ⋅   (6) 

It is similarly possible to find value of side of a 
triangle Td1 from a triangle d1d5Т 

   1 1 1cos( ).TTd Y α= ⋅   (7) 

Substituting expressions (6) and (7) in initial (5), we 
will receive expression Y0Т

  0 1 1 1 1 .sin( ) cos( ) 1T T TY X Y bα α= ⋅ + ⋅ +     (8) 
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For modelling of movement of working body 
excavator - a bucket in space we will take advantage of a 
mathematical apparatus based on representation of 
entrance and target data in the form of vectors of columns 
and matrixes of transitions by dimension 4ˣ4. Then, above 
received expressions of transformation of coordinates of 
moving, it is possible to present in the form of such matrix 
expression 

     

0 11 1

0 11 1

10

1 1 1 1

1 1 1 1

1

.

cos( ) sin( ) 0 1
sin( ) cos( ) 0 1

0 0 1 0
0 0 0 1 11

cos( ) sin( ) 1
sin( ) cos( ) 1

1

T T

T T

TT

T T

T T

T

x xa
y yb

T
zz

x y a
x y b

z

α α
α α

α α
α α

−
+

= = ⋅ =

⋅ − ⋅ +
⋅ + ⋅ +

=

       (9) 

 

5. DETERMINATION OF A TURNING ANGLE OF A 
BUCKET 

Further we will define a turning angle of a bucket on 
the first site of a digging zone - (0-1). On fig. 3 the scheme of 
position of elements of the working equipment of excavator 
for definition a turning angle of a bucket on the first a site of 
a digging zone (0-1) is presented. A bucket turn on the first 
site is made on a turning angle (α3max - ϕ) at boom position 
under a turning angle α1max and bucket arm under a turning 
angle α2max to a line which are passing through an axis of turn 
of a boom - 01 and an axis of turn of a bucket – 03, providing 
the maximum start of a bucket. 

 
Fig. 3. The scheme of position of elements of the working 

equipment of excavator for definition of a turning angle of a 
bucket on the first site of a digging zone (0-1)  

 
Using position of the working equipment with as 

much as possible lifted: a boom, a bucket arm and a bucket 
fig. 3, we will define: 

 - coordinates of the centre of turn of bucket O3 (X3, 
Y3) in local system a boom 01X1Y1: 

3 1 3 1 1max 2 1max 2 max0 cos( ) cos( );X B BX L Lα α α= + = ⋅ + ⋅ +
         (9) 

3 3 3 2 1max 2 1max 2 max0 sin( ) sin( );Y A AX L Lα α α= + = ⋅ + ⋅ +
                  (10) 

 - coordinates of the centre of turn of bucket O3(X31, 
Y31) in the basic system 00X0Y0: 

3 31 1;X X a= +    (11) 

3 31 1;Y Y b= +            (12) 
 - Distance from an axis of a boom to an axis of 

bucket Lpc, m 
2 2

12 3 3 ,L X Y= +   (13) 
 - The corner of turn of a bucket β01 on a site (0 - 1) 

will define from a triangle 010203 fig. 3, using the theorem 
косинуса. 

2 2 2
1 2 12 2 122 cos( );L L L L L ϕ= + − ⋅ ⋅ ⋅  (14) 

2 2 2
2 12 1

2 12

cos( );
2

L L La
L L

ϕ
+ −

=
⋅ ⋅

  (15) 

01 3max .β α ϕ= −    (16) 
 Further we will define a turn corner of a bucket on 

the first site of a digging zone  of excavator - (2-3). 
On fig. 4 the scheme of position of elements of the 

working equipment of excavator for construction of a site 
of a digging zone (2-3)  by turning a bucket from a corner 
0 to (-ϕ) is presented at boom position under a corner α1min 
and bucket arm under a corner α2max.  

On fig. 4 the scheme of position of elements of the 
working equipment for definition of a turning anole of  
bucket on the third site of a digging zone (2-3) is 
presented. A  bucket turns on the third site is made on a 
corner (-ϕ) at boom position under a corner α1min  and 
bucket under a corner α2max  to a line which are passing 
through an axis of turn of a bucket arm – 02 and an axis of 
turn of a bucket – 03, providing the maximum start of a 
bucket on a following site (3-4) at bucket arm turn. 

 

Fig. 4. The scheme of position of elements of the working 
equipment of excavator for definition of a corner of turn of a 
bucket on the third site of a digging zone  of excavator (2-3) 
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6. COMPUTER MODELLING OF A DIGGING ZONE
The algorithm of computer modelling of a 

digging zone  by excavator with the working equipment a 
return shovel in system Mathcad is presented below.  

Input data: 
- max and min turning angles of boom in Х 0Y0 plane,
degree. α1max 50deg:=     α1min 60− deg:=
- distance between the axis of rotating platform and the
axis of boom swing, m a1 0.2:=  
- distance between the natural surface of the ground and
the axis of boom swing, m b1 2.0:=  
- max and min turning angles of bucket arm in Х 1Y1
plane, degree. α2max 20− deg:=       α2min 180− deg:=
- kinematic length of a boom, m L1 6.5:=  
- max and min turning angles of bucket arm in Х 2Y2
plane, degree: α3max 30deg:=      α3min 120− deg:=
- kinematic length of a bucket arm, m    L2 3.2:=  
- kinematic length of a bucket, m     L3 1.64:=  
- vector of coordinates of a bucket tooth in local
coordinates O3Х 3Y3 of a bucket, m

TZ L3 0 0 1( )T:=

Calculation  procedure 

1. Steps of change of angles of an inclination of boom Δ α
1, bucket arm Δ α 2 and a bucket Δ α 3,radian

∆α1
α1max α1min−

N
:=

∆α2
α2max α2min−

N
:=

∆α3
α3max α3min−

N
:=

2. Calculation of the matrix M32(α 3) of transfer from the
co-ordinates of a bucket 03,X3,Y3 to the co-ordinates of a
bucket arm 02,X2,Y2 and matrix M21(α 2) transfer from
the co-ordinates of a bucket arm 02,X2,Y2 to the co-
ordinates of a boom 01,X1,Y1

M32 α3( )

cos α3( )

sin α3( )
0

0

sin α3( )−

cos α3( )
0

0

0

0

1

0

L2

0

0

1













:=

 

M21 α2( )

cos α2( )

sin α2( )
0

0

sin α2( )−

cos α2( )
0

0

0

0

1

0

L1

0

0

1













:=
 

3. Calculation of the matrix M10(α 1) of transfer from the
co-ordinates of a boom 01,X1,Y1 to the main co-ordinates
of an excavator 00,X0,Y0

M10 α1( )

cos α1( )

sin α1( )
0

0

sin α1( )−

cos α1( )
0

0

0

0

1

0

a1

b1
0

1













:=  

4. Coordinates of the centre of turn of bucket О 3 on a site
(0-1)

X31 L1 cos α1max( )⋅ L2 cos α1max α2max+( )⋅+ a1+ 7.149=:=

Y31 L1 sin α1max( )⋅ L2 sin α1max α2max+( )⋅+ b1+ 8.579=:=

5. Distance from an axis of a boom to an axis bucket arm
L12, m

L12 X31 a1−( )2 Y31 b1−( )2
+ 9.57=:=

6. Value of an angle of turn of a bucket on site (0-1), rad.,
using the cosine theorem

ϕ acos
L22 L122

+ L12
−

2 L2⋅ L12⋅









0.234=:=

β01 α3max ϕ− 0.289=:=

7. The program of calculation and the graph of a site (0-1)
a working zone of an excavator: turn of a bucket from an
angle α 3max to an angle β 01; a bucket arm under an
angle α 2max; a boom under an angle α 1max, radian

The graph of a site (0-1) working zones of an excavator 

T01

α3j α3max j ∆α3⋅−←

α3j α3j← α3j β01>if

α3j β01← α3j β01<if

T2 M32 α3j( ) TZ⋅←

T1 M21 α2max( ) T2⋅←

T M10 α1max( ) T1⋅←

X j T0←

Y j T1←

j 0 N..∈for

T01
X

Y








←

:=
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8. The program of calculation and the graph of a site (0-1-
2) a working zone of an excavator: turn of a boom from 
angle α 1max to α 1min; bucket arm under angle α 2max; a 
bucket under angle β 01, radian 

T12 T2 M32 β01( ) TZ⋅←

T1 M21 α2max( ) T2⋅←

α1j α1max j ∆α1⋅−←

T M10 α1j( ) T1⋅←

X j T0←

Y j T1←

j 0 N..∈for

T12
X

Y








←

:=  

The graph of a site (0-1-2) working zones of an excavator 

 

9. The program of calculation of a site (2-3) and the graph 
of a site (0-1-2-3) working zones of an excavator: turn of a 
bucket from an angle 0 to β 23; a bucket arm under an 
angle α 2т а х ; a boom under an angle α 1т in, radian 

β23 ϕ− 0.234−=:=  

T23

α3j β01 j ∆α3⋅−←

α3j α3j← α3j β23>if

α3j β23← α3j β23<if

T2 M32 α3j( ) TZ⋅←

T1 M21 α2max( ) T2⋅←

T M10 α1min( ) T1⋅←

X j T0←

Y j T1←

j 0 N..∈for

T23
X

Y








←

:=

 
 

The graph of a site (0-1-2-3) working zones of an 
excavator 
 

2− 0 2 4 6 8 10 12
9−

7−

5−

3−

1−

1

3

5

7

9

11

T011

T121

T231

b1

T010 T120, T230, a1, 

 

 
 
10. The program of calculation of a site (3-4) and the 
graph of a site (0-1-2-3-4) working zones of an excavator: 
a boom under an angle α 1т т ; turn of a bucket arm from 
an  angle α 2т ax to α 2min; 
 a bucket under an angle 0 
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T34

α2 j α2max j ∆α2⋅−←

T2 M32 β23( ) TZ⋅←

T1 M21 α2 j( ) T2⋅←

T M10 α1min( ) T1⋅←

X j T0←

Y j T1←

j 0 N..∈for

T34
X

Y








←

:=

The graph of a site (0-1-2-3-4) working zones  of an 
excavator 

2− 0 2 4 6 8 10 12
9−

7−

5−

3−

1−

1

3

5

7

9

11

T011

T121

T231

T341

b1

T010 T120, T230, T340, a1, 

11. The program of calculation of a site (4-5) and the
graph of a site (0-1-2-3-4-5) working zones of an
excavator: turn of a boom from an angle α 1min to α
1max; a bucket arm under a angle α 2min;
a bucket under an angle 0

T45

α1j α1min j ∆α1⋅+←

T2 M32 β23( ) TZ⋅←

T1 M21 α2min( ) T2⋅←

T M10 α1j( ) T1⋅←

X j T0←

Y j T1←

j 0 N..∈for

T45
X

Y








←

:=

The graph of a site (0-1-2-3-4-5) working zones  of an 
excavator 
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12. The program of calculation of a site (5-6) and the
graph of a site (0-1-2-3-4-5-6) working zones of an
excavator: a boom under an angle α 1т а х ; a bucket arm
under an angle α 2min; turn of a bucket from an angle 0 to
α 3min.

T56

α3j β23 j ∆α3⋅−←

α3j α3j← α3j α3min>if

α3j α3min← α3j α3min<if

T2 M32 α3j( ) TZ⋅←

T1 M21 α2min( ) T2⋅←

T M10 α1max( ) T1⋅←

X j T0←

Y j T1←

j 0 N..∈for

T56
X

Y








←

:=

The graph of a site (0-1-2-3-4-5-6) working  zones  of an 
excavator 
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13. The program of calculation of a site (6-7) and the 
graph of a site (0-1-2-3-4-5-6-7) working zones of an 
excavator: a boom under an angle α 1т а х ; turn of a 
bucket arm from an angle α2тах  to α2min; a bucket 
under an angle α3min 

T67 T2 M32 α3min( ) TZ⋅←

α2 j α2min j ∆α2⋅+←

T1 M21 α2 j( ) T2⋅←

T M10 α1max( ) T1⋅←

X j T0←

Y j T1←

j 0 N..∈for

T67
X

Y








←

:=
.

 

The graph of a site (0-1-2-3-4-5-6-7) working zones of an 
excavator 

 

14. The program of calculation of a site (7-0) and the 
graph of a site (0-1-2-3-4-5-6-7-0) working zones of an 
excavator a boom under an angle α 2т а х ; a bucket arm 
under an ungle α 2т а х ; turn of a bucket from an angle α 
3т in to α 3т ax    

T70

α3j α3min j ∆α3⋅+←

T2 M32 α3j( ) TZ⋅←

T1 M21 α2max( ) T2⋅←

T M10 α1max( ) T1⋅←

X j T0←

Y j T1←

j 0 N..∈for

T70
X

Y








←

:=

 
 

The graph of a site (0-1-2-3-4-5-6-7-0) working zones of 
an excavator 

 
 
 
 

7. CONCLUSION 
 

The offered algorithm of calculation and graphic 
representation of sites of a digging zone excavator with the 
working equipment the return shovel allows to reduce on 
order with system Mathcad use time and labour input of 
such calculations, and also to make the corresponding 
researches connected about change of parameters of 
elements of the working equipment. 
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An Experimental Study on the Fatigue Response of 15-5 PH Stainless 
Steel Built by DMLS 
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The present study is focused on the fatigue strength of 15-5 PH stainless steel parts built by DMLS. Four sets of 
specimens were manufactured, mechanically and thermally treated, and tested under rotating bending fatigue. The 
samples of the first two sets were built with their longitudinal axis perpendicular or parallel to the vertical stacking 
direction. In both cases, a 1mm allowance was uniformly distributed. The samples of the third and the fourth sets 
were similarly generated, with the same orientations. The samples of the last two sets were built with cylindrical 
shape and with 3mm allowance at gage. The results, processed also by analysis of variance tools, indicate that, 
considering the first two sets, the fatigue limit, approximately 39% of the ultimate strength, is almost independent of the 
build orientation. Conversely, the samples with incremented allowance, which required significant machining at gage, 
exhibit a much higher fatigue limit, very close to the commonly accepted reference value of one-half of the ultimate 
strength. This is quite an interesting result, as machining seems to be able to remove the process-induced irregularities, 
thus making it possible to achieve comparable properties to those of wrought material. 

Keywords: Fatigue strength, Stainless steel, Additive manufacturing, Direct Metal Laser Sintering, Build 
orientation, Machining

1. INTRODUCTION

Nowadays, there is an increasing interest towards 
Additive Manufacturing (AM) techniques, as this 
technological process is potentially capable of producing 
even complexly shaped parts in a relatively short time [1]. 
In addition, the parts can be easily built, starting from a 
CAD model, which is automatically processed to 
determine the main manufacturing parameters and the 
required amount of material. The parts are built layer by 
layer in a similar manner to rapid prototyping of plastic 
materials: a high-power laser beam scans over a metallic 
powder bed and selectively melts the powder. The melted 
powder solidifies and forms a layer: upon the completion 
of each layer, powder is added, laser scanning is repeated 
and a subsequent layer is deposited [2-4]. The unused 
powder may be partly recycled for a further process. A 
possible drawback of AM techniques consists in the 
residual stresses that may be generated during part 
building. Therefore, suitably shaped supports are usually 
applied to safely attach the built part to a rigid base-plate, 
thus preventing its movements through the powder bed or 
distortions induced by the residual stress field [2]. Direct 
Metal Laser Sintering (DMLS) by EOS and Selective Laser 
Melting (SLM) by MTT Technologies Group can be 
mentioned among the most important AM processes for 
metals [4].  

The aforementioned base-plate is usually placed on 
a horizontal plane, and the parts are generated along a 
vertical stacking direction. A number of studies, involving 
different materials and AM processes have been focused 
on the possible effect of the build direction on the 
mechanical static and fatigue responses of the 
manufactured parts. Some researchers investigated a 
possible influence of the angle between the main axis of 
inertia (namely, the longitudinal axis of the specimen) and 
the stacking direction on the part strength. Intensive 

studies were performed on selective laser melted Ti6-Al-
4V samples. The results indicated that the build orientation 
may significantly affect the fatigue response, in particular 
the endurance strength in the finite life domain. A higher 
life for the same load entity was retrieved for the build 
orientation where the layer plane is parallel to the loading 
axis [5]. A similar effect was also observed on fracture 
toughness [6]. The possible effect of the build direction on 
the fatigue response, considering both the fatigue limit and 
the fatigue strength in the finite life domain was also the 
topic of a previous study by the same authors. This 
research involved MS1 Maraging steel parts, built, 
considering three different orientations, with post-
manufacture mechanical and heat treatments. An extended 
experimental campaign led to the result that the fatigue 
response is not significantly affected by the build 
direction, since, for Maraging steels, post-manufacture 
treatments have a great role at removing sources of 
anisotropy [7].  

Further research in the literature was focused on the 
mechanical behaviour 15-5 PH stainless steel parts. This 
type of steel is commonly used in applications such as 
aircraft components, or for parts under high pressure or 
working in harsh corrosive environments, including 
valves, shafts, fasteners, fittings and gears [2, 8]. A lack of 
studies on the effect of the build direction on the fatigue 
properties of this steel can be pointed out. In particular, the 
research in [2] was focused on the build orientation effect 
on the static response only. Experimental results indicated 
that the response is enhanced, when the load direction acts 
along the layer plane, but the fatigue properties for 
different build directions were not investigated. Other 
studies are documented in [9-10], but are more oriented to 
the effects on technological issues like machinability, 
rather than to the outcomes on the fatigue strength.  
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The subject of this paper consists in an 
experimental study on the fatigue response of 15-5 PH 
stainless steel parts fabricated by the DMLS process. Two 
factors were considered: the build direction and the 
fabrication procedure. In particular, two different build 
orientations were considered, with the main axis of inertia 
of the parts being aligned to the load direction or 
perpendicular to it. Regarding the fabrication procedure, 
the effect of allowance and subsequent machining was 
studied: in one case, a conventional 1mm allowance was 
considered, whereas, in the second one, a larger allowance 
was adopted with the consequent need of machining to the 
core of the part. Issues of novelty arise from the lack of 
studies dealing with fatigue on this steel. Furthermore, the 
general absence of investigations on the effect of 
allowance on the properties of AM processed parts of any 
material must be emphasized. 

2. MATERIALS AND METHODS

The experimental campaign was performed under 
rotating bending, following the ISO1143 [11] Standard. 
Specimens were designed accordingly with reference to 
the cylindrical smooth geometry (with uniform cross 
section at gauge). The smallest dimension suggested by 
the standard, 6mm diameter at gauge was chosen as a good 
compromise between standard requirements and the need 
of reducing production costs. A drawing of the specimen is 
shown in Fig. 1, with indication of all its dimensions and 
tolerances. The chemical composition of 15-5 PH stainless 
steel (by EOSGmbH – Electro Optical Systems, 
Krailling/Munich, Germany) is provided in Table 1 [12].  

Figure 1: Specimen with 6 mm diameter at gage in 
agreement with ISO 1143 Standard [11] 

Table 1: Chemical composition of 15-5 PH Stainless Steel 
by EOS 

Cr 
[%] 

Ni 
[%] 

Cu 
[%] 

Mn 
[%] 

Si 
[%] 

Mo 
[%] 

Nb 
[%] 

C 
[%] 

Fe [%] 

14-
15.5 

3.5-
5.5 

2.5-
4.5 

 1  1  
0.5 

0.15-
0.45 

 
0.07 

Balance 

The specimens were manufactured by EOSINT 
M280 system (EOS GmbH - Electro Optical Systems, 
Krailling/Munich, Germany), equipped with Ytterbium 
fibre laser with 200W power and emitting 0.2032mm 
thickness and 1064nm wavelength infrared light beam. 
The process takes place in an inert environment and the 
scanning speed may range up to 7000 mm/s. The layer 
thickness was set to 20 μm. A parallel scan strategy with 
alternating scan direction was adopted: for the subsequent 
layers the scanning direction was rotated to 70°, in order to 
prevent or reduce in-plane property variations. Some 
examples of the scanning patterns are shown in Fig. 2, 

where arrows indicate the different scan directions at 
different stages of production and on different layers. A 
contour line was finally scanned, in order to complete the 
part shaping and to make its external surface as smoother 
as possible [13]. The machine features a working space 
with 250 × 250mm dimensions on the horizontal plane and 
a maximum height of 325mm. 

Figure 2: Some examples of the scanning patterns as the 
specimens are being built (arrows indicate the scan 

directions) 

All the specimens underwent surface cleaning by 
micro-shot-peening: this treatment is usually performed in 
order to close the pores that may be induced by laser 
sintering. Afterwards, H900 heat treatment was performed 
[2, 12]: it consists in gradual heating in oven from room 
temperature to 482°C in 1 hour time, afterwards this 
temperature is kept constant for 2 hours. The parts are 
finally taken out of the oven and cooled in fresh air. This 
treatment, which is particularly effective at reducing the 
residual stresses, thus enhancing the fatigue response of 
the built parts, was performed maintaining the samples 
attached to their supports to prevent them from bending. 
Finally, the specimens underwent machining and refining 
by grinding with the aim of achieving the surface 
roughness requested by the ISO 1143 Standard [11] and of 
improving the fatigue performance.  

Four specimen sets were manufactured: those of 
types #1 and #3 were built while lying horizontally on the 
base plate, therefore the angle between their longitudinal 
axis and the vertical stacking direction was 90°. Whereas, 
those of types #2 and #4 were built along the vertical 
direction: in this condition, the angle between their main 
axis of inertia and the stacking direction was 0°. The 
difference between the samples of sets #1 and #3 is that 
the first ones were produced with the same shape as shown 
in Fig. 1 with a 1mm allowance both at the gage (diameter 
increased from 6 to 8 mm) and at the heads (diameter 
increased from 10 to 12 mm). The samples were then 
machined to meet the drawing specifications, regarding 
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dimensional and geometrical tolerances and roughness. 
Conversely, the samples of set #3 were built with a 
cylindrical shape with 12 mm diameter over their entire 
length. It means that the allowance was 1mm at the heads 
and 3mm at the specimen gage. These samples were also 
reworked to meet the same specifications of the drawing in 
Fig. 1. The same difference applies also to sets #2 (built 
with uniform allowance and reduced section at gage) and 
#4 (built with cylindrical layout). Each set was composed 
by 7 to 10 samples, considering that some samples were 
unfortunately damaged during manufacturing. Some stages 
of production, with reference to the aforementioned 
sample sets, are shown in Fig. 3.    

(a)

(c)

(b)

Figure 3: Some stages of sample production: (a) Set #1 
samples just after DMLS manufacturing and before the 

heat treatment, (b) Sets #2 and #4 samples during residual 
powder removal with internal gage (top) and cylindrical 
shape (bottom), (c) Set #3 samples after machining and 

finishing, just before the beginning of the fatigue 
campaign 

The fatigue campaign made it possible to obtain the 
S-N curves and the fatigue limits (FLs). A staircase
method was applied to determine the FL: for this purpose,
the series of failure and not-failure events was processed
by the Dixon method [14-17]. A life duration of 107
cycles was set as run-out, based on the few available data
on the fatigue response of sintered 15-5 PH stainless steel
[2]. The Dixon method is an abbreviated staircase method
that makes it possible to estimate FL even from a short
series of nominal trials at staircase (four to six in this
work). The estimation of the standard deviation makes
also possible to provide an estimation of the uncertainty of
the FL and to determine a confidence band to be applied to
it. The data in the finite life domain were processed
according to the Standard ISO 12107 [18]: the stress and
life were linearly interpolated in logarithmic coordinates.
The lower and upper limits of the S-N curve were been
determined, based on the standard deviation of the
logarithm of the fatigue life, and considering, respectively,
probabilities of failure of 10% and 90% and a 90%
confidence level.

3. EXPERIMENTAL PROCEDURE

All the samples were initially measured, in order to 
check the accomplishment of drawing requirements from 
the points of view of dimensions and roughness. For this 
purpose, a micrometre screw gauge, a digital calliper (both 
with the resolution of 0.01mm) and a portable surface 
roughness tester (with the resolution of 0.01 μm, 
Handysurf E-30A; Carl Zeiss AG, Oberkochen, Germany) 
were used. The heads at both ends and the sample gauges 
were measured at 90° angled points with 4 replications. 
Similar measurements were performed at specimen gages 
with 6 replications. The averaged values are collected in 
Tables 2-5, referred to the left-side head of the four sample 
sets. Regarding roughness, it has also been measured, 
considering 90° angled points around full diameters at 
both specimen heads with 8 replications. Similar 
measurements were then carried out at the gages after 
sample breakage. The averaged values are included as well 
in the same Tables. All the yields are generally well 
consistent with the requirements in ISO 1143 [11] and 
with drawing specifications. The samples were also 
checked for hardness: HRC Rockwell hardness was 
determined on all the samples with three replications. The 
average values, ranging from 42 to 43.5 HRC confirm an 
Ultimate Tensile Strength (UTS) from 1325 to 1375 MPa, 
which is in the order of that indicated in [12, 19-20] of 
1310 MPa. 

Table 2: Measurement outcomes for the sample type #1 
Gauge diameter Head diameter 

Speci
men 
ID 

Mean 
[mm] 

St dev. 
[mm] 

Rough
ness 
[m] 

Mean 
[mm] 

St dev. 
[mm] 

Rough
ness 
[m] 

1.1 6.01 0.064 0.190 10.04 0.014 0.44 
1.2 5.89 0.106 0.200 9.93 0.055 0.52 
1.3 6.09 0.064 0.296 10.06 0.005 0.27 
1.4 6.06 0.022 X 10.06 0.010 0.39 
1.5 6.05 0.029 0.289 10.03 0.012 0.59 
1.6 6.07 0.031 0.128 10.04 0.021 0.60 
1.7 6.00 0.039 0.178 9.99 0.020 0.17 

Table 3: Measurement outcomes for the sample type #2 
Gauge diameter Head diameter 

Speci
men 
ID 

Mean 
[mm] 

St dev. 
[mm] 

Rough
ness 
[m] 

Mean 
[mm] 

St dev. 
[mm] 

Rough
ness 
[m] 

2.1 6.03 0.035 0.400 10.01 0.005 0.38 
2.2 6.01 0.029 0.323 10.01 0.002 0.30 
2.3 6.02 0.036 0.413 10.01 0.004 0.31 
2.4 5.98 0.044 0.246 10.01 0.005 0.41 
2.5 6.02 0.027 0.425 10.01 0.003 0.35 
2.6 6.00 0.026 0.338 10.00 0.002 0.35 
2.7 6.01 0.035 X 10.01 0.002 0.37 
2.8 6.02 0.036 0.340 10.00 0.003 0.35 
2.9 6.01 0.025 0.370 10.00 0.003 0.36 
2.10 6.00 0.038 0.308 10.00 0.010 0.44 
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Table 4: Measurement outcomes for the sample type #3 
Gauge diameter Head diameter 

Speci
men 
ID 

Mean 
[mm] 

St dev. 
[mm] 

Rough
ness 
[m] 

Mean 
[mm] 

St dev. 
[mm] 

Rough
ness 
[m] 

3.1 6.01 0.014 0.270 10.02 0.002 0.64 
3.2 6.01 0.016 0.340 10.02 0.005 0.48 
3.3 6.01 0.011 X 10.01 0.003 0.71 
3.4 6.00 0.009 0.260 10.02 0.009 0.65 
3.5 6.01 0.010 X 10.02 0.003 0.50 
3.6 6.00 0.014 0.440 10.02 0.005 0.59 
3.7 6.01 0.008 0.250 10.02 0.003 0.63 
3.8 6.01 0.009 0.400 10.02 0.003 0.64 
3.9 6.00 0.012 0.350 10.02 0.004 0.63 

Table 5: Measurement outcomes for the sample type #4 
Gauge diameter Head diameter 

Speci
men 
ID 

Mean 
[mm] 

St dev. 
[mm] 

Rough
ness 
[m] 

Mean 
[mm] 

St dev. 
[mm] 

Rough
ness 
[m] 

4.1 6.03 0.041 0.300 10.00 0.002 0.22 
4.2 6.00 0.019 0.369 10.00 0.003 0.28 
4.3 6.00 0.028 X 10.00 0.003 0.23 
4.4 6.01 0.040 0.363 10.00 0.003 0.30 
4.5 6.00 0.036 X 10.00 0.002 0.32 
4.6 6.01 0.040 0.398 10.00 0.003 0.31 
4.7 6.01 0.026 X 10.00 0.003 0.25 
4.8 6.02 0.032 0.328 10.00 0.003 0.27 
4.9 6.00 0.019 0.478 10.00 0.003 0.24 
4.10 6.00 0.018 0.280 10.00 0.002 0.23 

The specimens were tested under rotating bending 
fatigue by a rotary bending testing machine, where the 
specimen is loaded in the four-point bending 
configuration, so that bending moment keeps constant over 
the entire sample length, and in particular at its gage [14]. 
The sample was pinched at its ends by a pressure of 
approximately 70 MPa [21-22]. All the tests were 
conducted under fully reversed bending load (stress ratio R 
=-1) at the frequency f of 60 Hz. At the end of the 
experimental campaigns, some samples were cut and resin 
embedded. In particular, transverse sections of the gages 
and longitudinal sections of the heads were considered. 
Micrographic analyses were performed both at the gages 
and at the ends, following chemical attacks according to 
this recipe. 20 cc of Glycerol (C3H8O3) and 10 cc Nitric 
Acid (HNO3) were mixed together and the same was done 
with 20 cc of Chloridric Acid (HCl) and 10 cc of 
Hydrogen peroxide (H2O2). These two mixtures were 
finally 50%-50% mixed together. 

4. RESULTS

The results of the fatigue tests for type #1 
specimens (horizontally built, with 1mm allowance) are 
collected in Table 6: in particular, sample identifier, the 
load level in terms of the applied force and of the nominal 
stress at gage, the observed life and the test outcome are 
reported. 

Table 6: Data retrieved from the tests on the sample type 
#1 

Specimen 
ID 

Load [N] Stress 
[MPa] 

Life [N] Failure 

1.1 127.2 420 --- N 
1.2 166.6 550 144,726 Y 
1.3 158.8 524 167,829 Y 
1.4 151.5 500 --- N 
1.5 151.5 500 728,708 Y 
1.6 143.9 475 8,423,284 Y 
1.7 197.2 651 47,315 Y 

Table 7: Data retrieved from the tests on the sample type 
#2 

Specimen 
ID 

Load [N] Stress 
[MPa] 

Life [N] Failure 

2.1 197.2 651 4,834,809 Y 
2.2 215.4 711 1,871,476 Y 
2.3 178.7 590 108,926 Y 
2.4 178.7 590 68,686 Y 
2.5 142.8 470 --- N 
2.6 169.6 560 43,729 Y 
2.7 160.6 530 --- N 
2.8 169.6 560 2,807,208 Y 
2.9 160.6 530 2,564,861 Y 
2.10 151.5 500 5,047,111 Y 

Table 8: Data retrieved from the tests on the sample type 
#3 

Specimen 
ID 

Load [N] Stress 
[MPa] 

Life [N] Failure 

3.1 206.0 680 --- N 
3.2 215.4 711 3,274,162 Y 
3.3 206.0 680 --- N 
3.4 215.4 711 8,364,965 Y 
3.5 206.0 680 --- N 
3.6 242.4 800 183,582 Y 
3.7 233.3 770 368,551 Y 
3.8 224.2 740 297,241 Y 
3.9 224.2 740 2,850,771 Y 

Table 9: Data retrieved from the tests on the sample type 
#4 

Specimen 
ID 

Load [N] Stress 
[MPa] 

Life [N] Failure 

4.1 196.9 650 6,082,766 Y 
4.2 215.4 711 7,366,205 Y 
4.3 242.4 800 532,725 Y (NOT 

VALID) 
4.4 178.7 590 --- N 
4.5 187.8 620 1,256,019 Y (NOT 

VALID) 
4.6 187.8 620 8,932,232 Y 
4.7 178.7 590 --- N 
4.8 187.8 620 6,397,216 Y 
4.9 242.4 800 260,944 Y 
4.10 233.3 770 503,334 Y 

The results of sets #2 (vertically built, with uniform 
allowance), #3 (horizontally built, with greater allowance 
at gage) and #4 (vertically built, with greater allowance at 
gage) are respectively reported in Tables 7-9, where the 
same data are present. A not failure outcome indicates that 
the trial was stopped upon run-out without breakage 
occurrence. In the case of failure, it was of course checked 
that specimen separation had occurred at gage. 
Afterwards, the fracture surfaces were observed to make 
sure that a fatigue initiation and propagation mechanism 
was actually responsible of the observed failure. Most 
failures regularly occurred at gage, but in two cases, for 
the same sample set (Set #4), unusual and unexpected 
failures at specimen heads were observed. One of these 
failures is depicted in Fig. 4. It must be remarked that this 
outcome is not completely new, as it had also been 
observed (again in two cases) in the previous research 
regarding Maraging steels. In that study, an analysis by 
dye penetrants had indicated the presence of some spots of 
unconformable roughness, which were likely to have 
triggered the crack in combination with the clamping 
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pressure. In the present study, the roughness at sample 
ends was carefully checked by multiple measurements and 
was found to be consistent with specifications. The 
analysis was therefore deepened by micrographic analyses, 
as described in the previous Section. 

Figure 4: Unexpected failure at sample head 

The samples that were involved in the 
aforementioned outcome were of course discarded for 
further processing regarding the fatigue response. The 
final outcomes of these two trials are therefore tagged as 
NOT VALID in Table 9. The other results were anyway 
sufficient to determine both the sloping part of the S-N 
curve and the fatigue limit. 

5. DISCUSSION

The results reported in the previous Section were 
initially processed, in order to determine the fatigue curves 
in the finite life domain. The S-N curves, retrieved as 
linear regressions in double logarithmic scale, are plotted 
in the graphs in Fig.s 6-9 for sets #1 to #4 respectively. 
The corresponding equations that yield the expected life as 
a function of the actual stress level are included in the 
figures. The related maximum likelihood bands at the 90% 
confidence level and the experimental data are also plotted 
in the same diagrams, following the recommendations of 
[18]. The experimental results can be generally well fitted 
along a straight line with a linear correlation coefficient 
(R2) up to 0.8.  

The slopes of the interpolating lines were also 
determined during the regression procedure. The angle 
between the S-N line and the vertical axis is 86° for set #1, 
88° for set #2, 88° for set #3 and 85° for set #4. The 
resulting inclination can be compared to those of the S-N 
curves determined for Maraging Steel MS1: considering 
Ref. [7] the angles of the determined curves were ranging 
between 75° and 80°. The generally higher angle retrieved 
for stainless steel indicates that its S-N curves have a less 
steep trend, where small variations of the state of load may 
correspond to huge variations of the fatigue life, from the 
order of 105 to almost 107 cycles. A great role seems to be 
due to the level of roughness: as documented by the data 
in Tables 2-5, related values were quite low in this study, 
ranging from 0.2 to 0.3m as an average. The 
experimentations reported in [19-20] were performed on 
samples of the same material and with comparable 
roughness and led to a nearly horizontal curve, with a 
similar slope. Conversely, the experimentations in [2], 
involving the same stainless steel produced by SLM, were 
performed on samples with a 10-time higher roughness 
and led to a much lower fatigue resistance with a 
particularly sharp drop of the curve for increasing life 
(corresponding to a much lower angle).  
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Figure 8: S-N curve for type #4 specimens (arrows 
indicate run-outs) 

The results of the trials at staircase were processed 
by the Dixon method and led to the estimation of the FLs 
collected in the bar graph in Fig. 10, along with related 
confidence bands. The limit for the sample type #1 was 
estimated as 480 MPa, a well comparable value to that for 
type #2, 507 MPa. The other limits were conversely 
significantly higher: 701MPa for type #3 and 605MPa for 
the fourth sample set.  

It is interesting to compare the determined FLs to 
the UTS strength of the material according to [12, 19-20], 
considering that a commonly accepted ratio (FL/UTS) is 
approximately 50% for metallic materials [23]. The FLs 
for horizontally and vertically built samples with 1mm 
allowance are quite close each other and correspond to 
37% and 39% of the UTS. This isotropic behavior is 
consistent to that reported in [7] for Maraging steels. 
Moreover, the determined ratios to UTS are lower than 
50%, but about ten points higher than the same ratio 
determined for Maraging steel. It indicates that, on one 
hand the DMLS processed parts have a lower fatigue limit 
than expected, but that this detrimental effect is less 
significant for 15-5 Stainless steel rather than for 
Maraging steel.    
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Figure 9: Bar graph summarizing the fatigue limits for the 
four sample types along with their confidence bands 

Regarding the FLs for sets #3 and #4, ratios to UTS 
are respectively 54% and 46%. This outcome indicates 
that a post-manufacture machining up to the material core 
seems to have a beneficial effect on the fatigue response. 
In particular, the post-manufacture machining seems to be 
able to remove the irregularities at the surface layers, 
where, as remarked in the Materials and Methods Section, 
contour lines are scanned to complete the part shaping. 

These irregularities may be able to trigger fatigue cracks 
and may therefore be responsible of the aforementioned 
lower fatigue response of DMLS (and generally AM) 
processed parts. As a consequence, the ratio to UTS is 
significantly increased up to the reference value of 50%. 
Moreover, the response is better, when the load direction 
acts on the layer plane, which is consistent to the results in 
[5-6] for Maraging steels and in [2] for the same steel 
under static load.   

(a)

(b)

Figure 10: (a) Example of a void; (b) transverse crack 
detected at specimen head 

Finally, some micrographic and fractographic 
analyses were performed on the samples, to check the 
material structure and to investigate the possible reasons 
for the unexpected failures at heads. It can be remarked 
that some voids were observed: an example is shown in 
Fig. 10 (a). These voids are likely to have triggered most 
of these irregular failures, acting in combination with the 
clamping pressure. In addition, it is interesting to observe 
that a transverse crack was observed at the head of a 
specimen of Set #4 that had regularly broken down at the 
gage. It may indicate that another crack was propagating at 
the head, but that separation at the gage occurred earlier.  

The visual observation of the regular cracks at gage 
by stereo and optical microspores indicated that pores with 
30-40m diameter just beneath the surface (at about 80m
depth) were responsible for the initiation of most cracks.
An example is shown in Fig. 11.

Finally, some micrographies were devoted to the 
observation of the microstructure generated by the 
building process: the picture in Fig. 12 (a) was taken along 
the build plane: it can be observed that laser scans on 
contiguous planes are well visible and the related angle 
(highlighted) is consistent with the process setting. A 
micrography along a perpendicular plane (parallel to the 
vertical stacking direction) is finally depicted in Fig. 12 
(b), where the build direction is also indicated. These 
outcomes indicate that the AM induced structure is still 
well visible, even after the recommended heat treatments. 
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Figure 11: Example of a pore that triggered a crack 

73°

Build 
direction 

(b)

(a)

Figure 12: Micrographic analyses on unmachined 
horizontally built samples: (a) laser scans on the build 

plane (contiguous planes are visible, relative angle 
highlighted), (b) layers along the stacking direction 

6. CONCLUSIONS

This study aims at defining the fatigue strength of 
15-5 PH Stainless Steel manufactured by direct selective
laser sintering (DMLS) machine. Literature survey
indicated that Additive Manufacturing (AM) techniques,
such as DMLS or Selective Laser Melting are highly
effective at producing even complicated parts. Moreover,
there is a lack of data concerning the fatigue response of

AM processed parts of the aforementioned stainless steel. 
Four sample sets were manufactured: horizontally and 
vertically built with uniform allowance and with an 
incremented allowance at specimen gage (manufactured as 
cylindrical parts). This experiment can therefore be 
regarded as a two-factor plan with two levels (22). The 
results indicate that the fatigue curves have a high 
inclination with respect to the vertical axis and that the 
fatigue limits of horizontally and vertically built samples 
with uniform allowance are almost the same. The ratio of 
the fatigue limits to the ultimate tensile strength is 
approximately 38%. Conversely, when considering 
samples with higher allowance, which required the 
removal of a remarkable amount of material at gage, the 
fatigue limit is averagely one-half of the ultimate strength. 
Machining up to the material core seems to be able remove 
the additive process induced irregularities at the external 
layers that reduce the fatigue strength of AM processed 
parts. Moreover, the limit was higher for samples where 
the layer planes are parallel to the load direction. 
Afterwards, fractographic and micrographic analyses made 
it possible to provide explanations to the observed 
outcomes, and to check the microstructure resulting from 
the additive process.  
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Tribological Properties of Detergents as Additives for Motor Oils 
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Conducted research in a wide temperature range anti-friction properties of detergent – phenolate and calcium 
sulfonates of different levels of alkalinity as additives to polyalphaolefine oil. It is found that in the formation of a detergent 
of boundary lubricating layers main role belongs to the calcium carbonate. 

Keywords: detergents, lubrication oil; two-stroke petrol engines; temperature; coefficients of friction 
 

1. INTRODUCTION 
 

Detergent – it is a surface-active substance. It contains 
molecules that are able to stick round grease particles and 
rinse them from the surface. 

The influence of surfactants as detergents is currently 
studied adequately. At the same time, the issues associated 
with the study of the tribological properties of the 
detergents, as additives for motor oils, is not yet 
sufficiently studied and are the subject of research in 
National Research Moscow State University of civil 
engineering [1]. 

Study of tribological properties of detergents was 
realized for two-stroke petrol engines. 

Two-stroke petrol engines are used mainly where 
critical parameters of the choice are the high power 
density, lightweight and low price (for example, drones, 
scooters, chainsaws, construction equipment, outboard 
applications, etc). One of the main features of operation of 
two-stroke engines is absence of the lubrication system in 
them. Almost in all two-stroke engines the total-loss 
lubrication is applied. Oil does not circulate, and the 
recommended amount of motor oil is diluted in fuel, and 
through the carburetor this fuel and oil mixture gets to the 
engine. Mixture passes through the engine with a high 
speed, the part of oil in the form of a thin film settles on 
details, and it lubricate. The rest of oil burns down 
together with fuel in a combustion chamber. Simple 
engines, use the way of mixing which is that the 
corresponding oil quantity mixes up manually with petrol 
concerning from 1:20 to 1:100.  

In this regard increased requirements are imposed to 
quality of oils for two-stroke petrol engines. Are the most 
important: prevention of intensive wear and scuffing; 
prevention of formation of deposits on details in a 
combustion chamber [2]. Also big importance was gained 
by ecological requirements. 

During development oils for two-stroke petrol engines 
the different research equipment – translatory oscillation 
apparatus [3, 4], four-ball test machine [5] is applied to an 
initial assessment of lubricant property. 

As the important characteristic of motor oils exerting 
considerable impact on lubricating property is their 
thermal stability at friction. In this work, were used a 
temperature method [5] for receiving temperature–friction 
characteristics of the chosen oils. So using this method 
theinverse correlation between critical temperatures of a 

number of motor oils and wear of piston rings has been 
established in four-stroke internal combustion engines [6]. 
The preliminary estimate in consequence of the analysis of 
results the tribological tests of oils for two-stroke petrol 
engines by this method allows to evaluate  lubricating 
properties of oils with the broad range of temperatures and 
the level of deposits on details. 

2. THE OBJECT OF THE STUDY 

The objects of a study of the lubricating properties of 
detergents were calcium sulfonates, which are one of the 
most widely used detergents in current motor oils. The 
used sulfonates differ in the value of the initial base 
number, which varied in the range of 15–400 mg KOH/g 
(Table 1). 

To exclude the influence of the colloidal structure of 
detergents on their tribological characteristic, they were 
studied at a concentration of 1.0 vol %, which exceeds the 
concentration critical micelle formation of the studied 
compositions. The additives were introduced in poly alpha 
olefin oil PAO-4 in the above concentration (ν100 ≈ 4 
mm2/s). This oil has a high purity and was chosen due to 
the minimum influence of natural detergents on the 
behavior of the studied additives. 

It is known that calcium sulfonate forms a micellar 
solution and is a colloidal dispersion of calcium carbonate 
(CaCO3) stabilized by neutral sulfonate [8]. In turn, the 
CaCO3 dispersion has an average particle size of <10 nm, 
a density of ~2200 kg/m3 (versus 1200–1700 kg/m3 in 
neutral sulfonate), and is characterized by a quasi-stable 
(vaterite) form. On the whole, 60–70% of the alkali 
reserve of the additive is determined by the CaCO3 
content; upon an  

Table 1. Base numbers of the studied calcium sulfonates 

Detergent Base number, mg KOH/g 
C1 15 
C2 150 
C3 175 
C4 370 
C5 400 
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Fig. 1. Dependence of the base number of calcium sulfonates on 
the content of carbonates (CaCO3). Graph is developed according 
to [9]. 

increase in the carbonate concentration, the base number 
of the detergent increases (Fig. 1). 

According to the structure and composition of 
detergents, they are not supposed to demonstrate high 
reactivity toward metals of a friction pair with the 
formation of chemically modified layers that have a 
noticeable influence on the friction and wear processes. 
Under these conditions, the influence of dispersions 
(CaCO3) in the composition of detergents, which 
determine their alkalinity, or other technological 
admixtures is mainly apparent. 

The detergent (calcium sulfonate) can be considered 
to be a combination of three components, namely, neutral 
calcium sulfonate, calcium carbonate (CaCO3), and base 
oil. As mentioned above, the content of calcium carbonate 
mainly determines the alkalinity of the additive: under its 
increase, the base number increases. Neutral calcium 
sulfonate causes a slight additional alkalinity of the 
additive owing to CaO and Ca(OH)2. It is assumed that the 
used base oil does not noticeably influence the tribological 
characteristics of the studied detergents. 

3. METHODS

The tests were performed using a KT-2 (GOST 23-
221) four-ball friction machine [7], in which, in order to
prevent noticeable friction heating, low sliding speed in
the friction assembly is provided, and friction samples and
the surrounding oil layer are heated using an external heat
source. Samples were 100Cr6 steel balls with a diameter
of 7.94 mm. The axial load was 107.8 N, the contact load
on one ball was 44.2 N, and the pressure in the contact of
the upper and each of the lower balls (Hertz) was about 2.1
GPa. The sliding speed on the contact surface was 0.24
mm/s (Fig. 2).

The study was performed in the temperature range of 
30–300°C, which is close to the oil temperatures in 
internal combustion engines. The temperature of the 
friction assembly increased stepwise using an external heat 
source at a rate of 5°C/min. The coefficient of friction was 
evaluated every 10–20°C. The duration of the experiment 
at each temperature was 60 s. The estimated indicators 
were the dependences of the coefficient of friction f on the 
temperature T, i.e., the function f = F(T). The  

Fig. 2. The machine of friction: 1 – thermoelectrigue; 2 – nut; 3 – 
tige; 4 – ball; 5 – oil; 6 – mounting; 7 – beaker for oil; 8 – 
worming up; 9, 10 – support 

curves were developed using the average values of three 
tests. 

The preference of this technique compared to other 
methods for evaluating the friction and wear lies in the fact 
that the change in f also helps to determine the energy of 
the formation and destruction of the boundary lubricating 
layers. The chemical composition of the surface layers 
contacting bodies was determined using a FEI Quanta 200 
scanning microscope with an Apollo 40 device for 
elemental analysis by energy dispersive spectroscopy [10]. 

4. RESULTS AND DISCUSSION

The results of the experiments are shown in Fig. 3. 
It follows from the obtained data that the addition of 
detergents in base oil leads to a significant decrease in the 
coefficient of friction in all the temperature interval; note 
that, upon a increase in the base number of the detergent, 
its tribological characteristics improve.  

Fig. 3. Dependence of coefficient of friction of 
detergents with different alkalinities on the temperature: (1) 
PAO-4; (2) PAO-4 + 1% C1; (3) PAO-4 + 1% C2; (4) PAO-4 + 
1% C3; (5) PAO-4+ 1% C4; (6) PAO-4 + 1% C5. Hatching 
denotes the zone of the sharp change in the coefficient of friction. 
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Table 2. Testing results of the studied lubricant compositions 

Lubricant composition Tt1, °C Tt2, °C Tt3, °C fmax fmin Average dw, 
μm 

 
PAO-4 30 – – 0.41 0.1315 234 
PAO-4 + 1% C-1 70 210 250 0.1875 0.116 222 
PAO-4 + 1% C-2 70 210 – 0.155 0.11 212 
PAO-4 + 1% C-3 – 210 – 0.135 0.0935 206 
PAO-4 + 1% C-4 – 160 260 0.0745 0.023 207 
PAO-4 + 1% C-5 – 160 270 0.078 0.021 205 

 
The curves of the dependence of the coefficient of 

friction on the temperature developed under preset 
conditions are similar to the curves obtained as a result of 
testing chemically active additives [8]. Denote the 
transitional temperatures through Tt1, Tt2, and Tt3. Assume 
that Tt1 is the boundary layer destruction temperature, which 
is caused by the sharp 
increase in the coefficient of friction; Tt2 is the temperature 
at which a modified layer is formed of the friction surface, 
which manifests in a decrease in the coefficient of friction 
establishing it at a constant level in a certain temperature 
range; Tt3 is the destruction temperature of the modified 
layer, which manifests in a sharp increase in the coefficient 
of friction. The values of the transitional temperatures and 
the coefficients of friction at typical temperatures are shown 
in Table 2. 

In the case of PAO-4, the decrease in the coefficient of 
friction at temperatures exceeding Tt1 is apparently caused 
by the fact that, in the temperature range of 50–160°C, the 
intense sharp change in the coefficient of friction occurs. 
After the completion of this period, the stabilization of the 
coefficient of friction follows, which is probably caused by 
the breaking-in of surfaces. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 4. Dependence of the coefficient of friction on the base 
number of calcium sulfonate. (1) stable; (2) maximum 

 
For low alkaline calcium sulfonate C1 and middle 

alkaline C2, the presence of the intermediate temperature Tt1, 
which indicates the destruction of the adsoradsorption 
boundary layer, is typical. In the case of detergent C3, an 
insignificant increase in the coefficient of friction is 
observed, which indicates the partial destruction of the 

boundary layer. When testing highly alkaline calcium 
sulfonates, the coefficient of friction is initially lower 
and Tt1 is not registered. 

In addition, in a certain temperature range, the 
stabilization of the coefficient of friction at a certain 
level is typical for the studied detergents, i.e., the 
intermediate temperature Tt2, which indicates the 
formation of a modified layer on the friction surface. 
Upon an increase in alkalinity, the temperature range 
in which the boundary layers are stable also 
increases. 

In the case of highly alkaline detergents C4 and 
C5, at Tt3, the destruction of the modified layers 
occurs at 300°C, and the coefficient of friction 
remains lower than the coefficients of friction of 
middle alkaline calcium sulfonates C2 and C3. For 
middle alkaline calcium sulfonates C2 and C3, the 
transition temperature Tt3 is not registered in the 
studied temperature range. 

In Fig. 4, the dependences of the coefficients of 
friction on the maximum and the stable (assumed 
equal to 220°C for all calcium sulfonates) base 
number of the detergent are shown. It can be seen 
that, upon an increase in alkalinity, the values of the 
coefficients of friction decrease almost linearly. 

Samples of five commercial oils applied to 
lubricant of two-stroke petrol engines were tested 
also. The basic characteristics of these oils are shown 
in Table 3. Oils C, D and E of one manufacturer. Oils 
D and E, according to the categories JASO and ISO, 
are low-smoke oils, and oil E has to have the 
increased detergent effect. According to 
classifications of ISO, JASO and NMMA of 
distinction in lubricating ability between oils C, D and 
E are not established. In classification of API the 
distinct separation by lubricating ability of oils is not 
present, besides only the category TC is acting. 

 
Table 3. The basic characteristics of oils. 

 
Oil Kinematic 

viscosity at 
100 °C 

Base stocks Meeting the 
specification 

A 11,8 Mineral – 
B 12 Mineral API TB 
C 9,7 Mineral API TB, ISO-L-

EGB, JASO FB, 
NMMA TC-W3 
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D 9,5 Semisynthetic API TC, ISO-L-
EGC, JASO FC, 
NMMA TC-W3 

E 8 Synthetic API TD, ISO-L-
EGD, JASO FD, 
NMMA TC-W3 

Because of detailed information about composition of the 
tested commercial oils for two-stroke petrol engines is not 
available to us, it is difficult to define precisely what 
influences on the thermal stability of oils at a certain 
temperature: structure of a package of additives or base oil. 

Among the tested mineral oils (Fig. 5) the best thermal 
stability was shown by oil C. For this oil in the studied range 
of temperatures the critical temperature at which boundary 
layers collapse is not revealed. The friction coefficient is 
stable and makes about 0,1-0,12. 

Oils A and B have approximately identical thermal 
stability, and their critical temperatures ~ 240 and ~ 230 °C 
respectively. Oil A shows equal or even the best lubricating 
ability. On the basis of what it is possible to assume that 
similar in composition packages of additives were used.  

Fig. 5. Themperature-friction characteristics of mineral oil: 1 – oil 
A, 2 – oil B, 3 – oil C. 

Among the compared oils of one manufacturer (fig. 7) thermal 
stability of mineral oil C the highest. Semisynthetic oil D 
takes an intermediate position.  

Fig. 6. Photographs of a mandrel after testing of oils: a – oil C; b – 
oil D; c – oil E. 

Fig. 7. Themperature-friction characteristics of oil from 
one manufacturer: 1 – oil C, 2 – oil D, 3 – oil E.  

Synthetic oil E in the studied range of temperatures 
has shown the worst lubricating ability almost in all 
interval of the studied temperatures. Several peaks 
on graphics of temperature-friction characteristic of 
oil E demonstrate that its formulation contains not 
less than two chemically active additives forming 
chemically modified layers providing decrease in 
friction coefficient in the different ranges of 
temperatures on friction surfaces [8]. Destruction of 
the modified layers separating the rubbing surfaces 
is reflected in sharp raising of friction coefficient 
after 250 °C. Low lubricating ability of oil E 
(synthetic) in comparison with oils C (mineral) and 
D (semisynthetic), apparently, is explained by the 
fact that the synthetic oil which is an base stock is 
practically not oxidized at temperature increase in the 
studied interval while oils on mineral (and even on 
semisynthetic basis) are oxidized that increases 
lubricating ability of the studied lubricants. 
Deterioration in lubricating ability can be also 
connected with the fact that the manufacturer uses a 
smaller quantity of additives to reduce smoke and 
the amount of deposits in a combustion chamber. In 
fig. 6 shows the photographs of mandrels after tests 
of oils of one manufacturer. The difference between 
mandrels is visually well distinguishable. So the 
mandrel after testing of oil of mineral oil C has the 
greatest darkening, and in a case with synthetic oil 
E traces of influence of high temperatures are 
minimum. It is possible to range oils on their 
detergency thus C<D<E. The obtained data 
correspond to the characteristics of oils of their 
detergency declared in classifications of JASO and 
ISO. 

5. CONCLUSION

Hence, the study of the tribological characteristic 
of detergents for motor oils in the case of calcium 
sulfonates of different alkalinities established the 
positive role of calcium carbonate in the composition 
of a micelle of the additive. This not only provides 
the required alkalinity of the additive, but also 
influences a decrease in the coefficient of friction. 

Based on a chemical analysis of the sample 
surface, it can be assumed that, in addition to a 
temperature increase, friction is also necessary to 
form a protective film on the surface. 
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The performed study shows that the influence of 
detergent additives (at least, calcium sulfonate) on the 
lubricating properties of oils is rather significant and it 
should be considered in the development of lubricant 
compositions. 

The possibility of differentiation of oils for two-stroke 
petrol engines based on lubricating ability, and also on the 
detergency by means of a temperature method of an 
assessment of lubricating ability of oils is established. 

In the set conditions the best thermal stability was shown 
by oil C on a mineral basis. Oils on a mineral basis of A and 
B have shown close thermal stability that suggest similar 
additive packages. Oil E on a synthetic basis has shown the 
greatest friction coefficient almost in all range of 
temperatures. 

The visual assessment of mandrels after testing allows to 
evaluate the detergency of oils. Least of all traces of 
temperature influence when using synthetic oil E that will be 
coordinated with classifications of JASO and ISO.
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Since its inception in the educational process at the Faculty of Mechanical Engineering (University of Belgrade) in 
2008/2009 (Master and PhD studies), as the result of the Tempus project JEP 40069 “Design in Mechanical Engineering” 
(2006-2008), the field of ecodesign and sustainable logistics has a permanent growth both in tuition and research. That 
finally resulted in establishing Laboratory of ecodesign and logistics in 2014 and several researches conducted through the 
work in this Lab. Some of them have been done in the cooperation with some foreign academic institutions. The main 
stream of the mentioned researches was related to the assessment of environmental effects of intralogistics equipment, such 
as material handling (cargo handling equipment in ports such as are cranes and terminal tractors) and conveying (belt 
conveyors) equipment. Accordingly, the conducted researches and findings have been presented to a broader scientific 
community and published in international journals, books and presented at the international conferences. This paper gives 
a survey and compilation of those publications in the period 2010-2017. 

Keywords: Ecodesign, sustainable logistics, life cycle assessment, cargo handling equipment, conveyors
1. INTRODUCTION: ECODESIGN AND LCA AS ITS

CORE 
From the environmental point of view, 

sustainability represents the system’s capacity (in this case 
the Earth) to support anthropogenic activities’ impact on 
the environment without putting the future of human race 
under risk. From the designer point of view, sustainable 
development is about designing objects that use limited 
resources; it is also about social responsibility and ethics 
[1], [2]. 

Growing interest in environmental condition and 
concept of sustainable development resulted in appearance 
of design disciplines with goal to develop solutions for 
decreasing the impact of human activities and industrial 
products on environment. Such discipline is well known as 
Ecodesign or Design for Environment. Based on 
fundamentals of ecodesign, all products and services must 
be designed to scope all of their life cycles stages. 
Processes needed for manufacturing, distributing and 
disposing of the product at the end, are considered to be 
one. Beside the design of product itself, this approach 

designs product system, in a way that it defines all 
possible events in product life cycle [3]. 

In 2006 the European Environment Agency defines 
Ecodesign as “the integration of environmental aspects 
into the product development process, by balancing 
ecological and economic requirements. Ecodesign 
considers environmental aspects at all stages of the 
product development process, striving for products which 
make the lowest possible environmental impact throughout 
the product life cycle.” Ecodesign integrates the idea of 
sustainability as well as environmental considerations into 
the product development. It considers the contribution of 
the product to environmental impact through all of its life 
cycle stages. Speaking of Ecodesign and environmental 
friendly product development it is important to bring 
together environmental requirements from stakeholders, as 
well as legal frameworks. For the purpose of product 
improvement, Ecodesign process integrates stakeholder 
and environmental point of view, see Figure 1 [4]. 

Figure 1: Inputs to the Ecodesign process [4] 
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Having this in mind, ecodesign as relatively new 
engineering discipline makes a radical discontinuity with 
traditional design process [5]. The purpose of this is to 
design product life cycles, in order to indentify and 
efficiently combat environmental impacts. In other words, 
it is possible to create product and minimize the input of 
raw materials and energy, and the impact of all emissions 
and waste. 

Before design of any new product life cycle, and 
before any improvement of existing product life cycles, it 
is of vital importance to estimate the present effects on 
environment. The only way to both quantitatively and 
qualitatively calculate the harm of all effects of products 
and human activities on environment is to conduct Life 
Cycle Assessment or LCA [6]. As the core of ecodesign 
LCA is quantitative tool for assessment of environmental 
impacts of products and services such as climate change, 
global warming, ozone depletion, (smog) creation, 
eutrophication, acidification, toxicological impact on 
humans and ecosystems, the depletion of resources, and 
others. It is systematic approach for analyzing the entire 
life cycle stages of products from material extraction 
through manufacturing, use and eventually disposal or 

recycling preferably. Therefore it is often called a “cradle-
to-grave” analysis [3]. 

LCA is an iterative technique. In accordance with 
EN ISO 14040: 2006, life cycle of a product consists of 
five consecutive and interlinked stages. Therefore life 
cycle includes: 

1. Raw material stage,
2. Manufacturing stage (design and production),
3. Distribution stage (packaging and transportation),
4. Use stage, and
5. End of life stage (EoL).

In accordance with the same standard EN ISO
14040: 2006, the formal structure of an LCA contains four 
phases: 

• Goal and scope definition,
• Life cycle inventory analysis (LCI),
• Life cycle impact analysis (LCIA),
• Life cycle interpretation.

These phases are consecutive and interlinked, as
life cycle stages, see Figure 2 [7]. 

Figure 2: Phases of an LCA [7] 

2. 2. CURRENT TRENDS IN GREEN
(INTRA)LOGISTICS 

The forum intralogistics at the association 
“Verband Deutscher Maschinen- und Anlagenbau” 
(VDMA) defines intralogistics as the organization, control, 
realization and optimization of in-plant goods and their 
material flow and logistics, of the streams of information 
as well as the movement of goods in industry, trade or 
public facilities [8]. 

Corresponding to the 20 mega-trends specified in 
[9] specific subject areas have been established as
important future research focuses (Figure 3).

As it can be concluded from Fig. 3 of the 20 global 
megatrends one of the most significant trends for 
intralogistics as a part of logistics sector (energy 
consumption in intralogistics is estimated to about 25% of 
the whole logistics sector [10]) is climate change and 
environmental impact, while one of the main 

Figure 3: Tasks in intralogistics in the future [11] 
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research thrusts is “Green Logistics”. Although the 
logistics greenhouse gas (GHG) footprint may appear 
relatively modest (estimated for around 5.5% of global 
emissions), transport sector has been increasing its output 
of these gases, while other sectors are reducing their 
footprint [12]. For this reason it is quite sure that in the 
next few decades a major challenge for the companies in 
logistics sector will be to implement practical and cost-
effective carbon mitigation strategies to cut their GHG 
emissions in an effort to achieve very ambitious carbon 
reduction targets at national, EU and global levels by 2050 
[13]. 

Companies can reduce carbon emissions from their 
logistics operations in many ways. According to  [12] 
several ideas for decarburization of logistics activities, 
focus is on five key freight transport parameters: reducing 
freight transport intensity, shifting freight to less carbon-
intensive transport modes, increasing  vehicle utilization, 
raising the energy efficiency of freight transport operations 
and finally reducing the carbon intensity of the energy 
source (i.e. the amount of CO2 emitted per unit of energy 
consumed either directly by the vehicle or indirectly at the 
primary energy source for electrically-powered freight 
transport operations, what will be particularly considered 
later in this paper) used in logistics. Obviously, 
decarburization must be followed by developing 
innovative technologies [14] in order to improve 
intermodal transport chains, logistics services and 
consequently environmental performances of logistics 
equipment. 

3. 3. ENVIRONMENTAL EFFECTS OF CARGO
HANDLING EQUIPMENT (CHE) IN CONTAINER

PORTS 
With almost 90 percent of non-bulk cargo moved 

worldwide by containers, the container shipping and 
handling industries have immense economic footprint both 

locally and globally. Ports play a huge role in the regional 
economies and the growth and the development is directly 
related to ports abilities to adapt to new challenges [15]. 
As according to Guerrero and Rodrigue [16], the five 
waves (phases or cycles) of containerization that 
essentially influenced development of port and terminals 
are presented in Fig. 4, 2014, [17]). 

Figure 4: TEU number (1956-2015 with 2030 prediction) 
and waves of containerization according to Guerrero and 

Rodrigue [16],[17] 

After summarizing the containerization 
development and having in mind the mentioned 
megatrends, the imposing conclusion is to seek challenges 
and changes in containerization not only within 
technological arena, but equally significant social and 
economical ground. Containerization has given 
revolutionary change for the transportation and shipping 
industry, leading to globalization. The technology could 
provide evolution for the containerization to maintain its 
important role, but it is strong belief that only the social 
and economical changes at global scale can make 
revolutionary change, Fig. 5 [17]. 

Figure 5: Impact of global megatrends on containerization [17] 

It is also important to underline that the 
environmental footprint of the ports is rising to the top of 
the port authorities’ agenda in the moment when economic 
downturn has already exerted container operations 

struggling to hold on cost effective side. The new demands 
are pushing port related industries to offer “green” 
solutions for ports who seek to mitigate their 
environmental footprints. Emissions in ports come from 
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operations of three different sectors. The first sector is 
related to the arrival and berthing of vessels, the second 
involves activities within the port boundaries such as 
unloading of cargo from the ships and their transfer by 
Cargo-Handling-Equipment (CHE) and the third includes 
the transport (vehicles, trains and inland shipping) within 
or near the port and departure [15]. 

In port container terminals, cargo (in this paper 
only containers) are ferried around using special designed 
machines called CHE. These machines usually include 
various types of cranes and specially designed forklifts, 
tractors or trucks. The containers are lifted from a marine 
vessel by a crane at latter moved or picked by other crane, 
handler or forklift. In between each use of a crane or pick, 
the container is transported around the terminal using a 
yard truck. 

Greatest in CHE fleet population are the yard trucks 
and forklifts, followed by handlers and gantry cranes. 
These machines are conventionally power with Internal-
Combustion-Engine (ICE) which most often is a diesel. 
Due to the fact that handling container with as much as 40 
tonnes of cargo is an energy-intensive function and the 
fact that CHE is powered with diesel burning engines it is 
often considered as one of the most significant sources of 
air pollution caused by terminal operations [15]. 

Fortunately, an answer to port “green” strategies, 
the CHE industry offered a wide range of solutions, from 
retrofits to brand new high efficiency models, such as 
hybrid and all-electric drives. Depending on solution and 
equipment type some technologies are advertised to reduce 
the CO2 emissions up to 70 percent and NOX and SO2 up 
to 90 percent (according to manufacturers). Most common 
pieces of CHE found in container terminals are [15]: 

• Rubber Tired Gantry (RTG) cranes (RTGs)
• Utility tractor rigs (UTRs), which is also known

as Yard Trucks or Terminal Tractors
• Straddle Carriers
• Container Forklifts
• Reach Stackers

Determining environmental footprint of container
terminal or CHE is important and complex task. The 
environmental footprint of CHE activities at container 
terminals can be defined either by directly measuring 
emissions or estimating them using various models or 
methods [15]. Generally, CHE emissions at ports are 
estimated using either the off-road emission models or 
methods similar to those in the models [18]. In order to 
understand the environmental impact of container 
terminals, various models and tools that quantify the 
emissions of relating sources are used or developed. Each 
model can vary greatly in terms of complexity and 
accuracy on one side, and time and resources on the other. 
The non-modeling approach to create an emission 
inventory of CHE is to directly measure emissions or 
energy consumption. Although it could be considered as 
the most accurate way, it is also the most expensive and 
time demanding and can only be done as aftermath. Direct 
emissions measurement, thus disables early stage planning 
process and is more suitable for establishing the baseline 
inventory. The modeling is therefore more appropriate as 
preventive approach, as support for decision making. The 
complexity of modeling methodologies can also vary 
depending on intended use and users and can also be time 

and resource consuming if detailed and validated model is 
wanted, according to [19]. Regardless of which modeling 
approach is chosen it enables prediction of emission of any 
source at port without actually ever visiting facility. That 
can be also used for comparison of different types of CHE. 
The drawback of modeling is that any uncertainty in 
baseline parameters can eventually lead to significant 
uncertainty in the final results of estimated CHE 
emissions. This is of great importance, particularly when 
comparison of any type of CHE is made, since even the 
slightest aberration in early modeling can result in 
favoring one piece of equipment over other [13]. 

On the significance of CHE emissions, also reveals 
the fact that many ports today are considered to be the 
largest sources of air pollution in coastal cities. For 
instance, according to the data collected in report [20] in 
2007, the Port of Long Beach found that 81% of the CHE 
port wide was employed by its container terminals and that 
8% of total NOX emissions were due to CHE; the Port of 
Houston found that 15% of its 2007 total NOX emissions 
came from CHE; New York/New Jersey found that 25% 
of their 2006 NOX emissions were due to CHE. To get 
better fuel economy and accordingly to reduce GHG 
emissions, ports around world are considering using either 
“low carbon” (hybrid) or “zero emissions” (electric) 
technologies that are currently deployed for port 
equipment such as cranes – Rubber Tired Gantry Cranes 
[21] and UTRs [22] and other vehicles.

In the presented research the concept was on the
RTG cranes and UTRs, since they are the most common 
pieces of CHE found in container terminals accounting 
combined over 55% of all CHE [23]. RTGs are 
dependable on the support of UTRs for quick container 
transport across the terminal and combined evaluation of 
their environmental impact and operating costs is common 
approach in terminal planning, also recommended by Böse 
[24]. 

3.1. Examples of RTGs [25], [26] 
In port container terminals, RTG cranes are used 

for movement of shipping containers, once they are placed 
on to the distribution channels from a vessel. The cranes 
are powered by a diesel generator set (genset), which 
consists of a diesel engine coupled with an alternator. An 
RTG crane is capable of moving containers weighing up to 
50 tonnes at a rate of 20 moves per hour. Since it is one of 
the largest machines on tires in the world powered by large 
non-road diesel engine, turning it into the eco-friendly 
machine is a challenging task. 

A conventional diesel genset provides electrical 
power for the hoist, trolley, and gantry electric motors, as 
well as for the routine demands of the crane. Utilizing this 
type of power system on a RTG allows the crane to move 
independently throughout the container terminal as is 
required by daily port operation. The freedom of 
movement and the high peak power demand for hoist 
motor consume a large amount of fuel and emit significant 
emissions of GHG. 

Today, variety of technologies and systems are 
available to reduce fuel consumption and emissions and 
improve overall RTG efficiency. They include 
technologies such as, variable-speed generators, flywheel 
energy storage, hybrid RTGs with regenerative breaking 
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and super or ultra capacitor technology and electrified 
“zero emission” cranes (E-RTGs). Most of them are 
available as retrofits for conventional cranes, but also as 
manufactured brand new RTG option. 

An electrified RTG (E-RTG) crane in the past was 
often avoided due to complicated electric-power feeding 
via cable, narrowed movability and limited flexibility. 
Today E-RTG’s disadvantages are overcome with the 
cable reel and latest with drive-in conductor bar solution 
with collector trolley that automatically engages and 
disengages. Although the main disadvantage remains – the 
need to adapt the terminal for electrification, the fact is 
that with the latest solutions, environmental advantages of 
E-RTG are in prime again. The 90% of operating time 
electrified RTG cranes uses solely electricity and 10% of 
time uses diesel engine, during block changes and 
maintenance. The manufacturers promise E-RTG 
staggering potential for CO2 reduction. 

Certain solutions for RTG cranes have advantages 
over others and certain terminal configurations and port 
authorities favor some of them, but from environmental 
point of view it is important to find out which solution is 
more eco friendly. Again, certain methodologies for 
assessment of environmental impact of products have 
advantages over others, but according to the author’s 
opinion the most appropriate way is to carry out Life 
Cycle Assessment (LCA) of three most widespread 
implemented technologies of nowadays RTG cranes which 
include conventional solution and two emerging 
technologies (hybrid and electrified zero emission RTGs). 

Thus, the objective of this research is twofold. The 
first objective is to evaluate environmental benefits of 
emerging technologies for RTG cranes over conventional 
and the second is to promote the use of (LCA) 
methodology for this purpose. In this way, comparison of 
RTG cranes will offer results which could be used in 
further research of CHE emerging technologies. 

Once the environmental impact of manufacturing 
stage of a conventional type of RTG is obtained, these 
results could be used for evaluation of environmental 
performances of future CHE technologies. Essentially, 
RTG support structure and its corresponding manufacture 
process are basically unchanged since these machines have 
been introduced in operation. Majority novel solutions 
offered for brand new cranes are also available as 
upgrades for older models [25]. 

Since conventional model of RTG crane is set as 
basic model, other two models: the hybrid RTG and 
electrified E-RTG are in essence upgraded versions of the 
basic model which use same gantry structure. The 
difference between basic (conventional) model over hybrid 
and E-RTG is in add-ons over standard diesel generator 
set. This principle of modeling allows the authors to use 
the most of inventory base of the first RTG crane which is 
in accordance with real life, dockside experience where 
conventional cranes already in use are modernized by new 
state-of-the-art add-on features. 

The system boundaries are defined according to 
ISO 14000 recommendations and responding to work 
principle of used LCA software. The assessment is divided 
in two parts. First is “cradle to gate”, sometimes noted as 
“upstream”, where iron ore extraction and depletion and 
materials processing is addressed, then parts production 

and gantry assembly and finally distribution is evaluated. 
The second stage of this assessment “gate to grave” 
basically consist of “use” and “downstream” phase in one. 
It refers to operational life of crane at port and scrapping 
and disposal/recycling. 

The manufacturing step has been modeled as 
common parameter for all the three RTG cranes and is 
chosen to be the same. This includes the raw materials, the 
manufacturing processes, the energy consumption and the 
transport by rail and truck of the manufactured car to the 
end-user determent only for conventional RTG. The 
components which are specific to the Hybrid and E-RTG 
technology are modeled separately and added over results 
of conventional crane. For example carbon super-caps 
energy storage for Hybrid crane and collector trolley for 
E-RTG. 

The “cut-off” criteria in manufacturing phase is 
applied, leaving out components with weight of less than 
5% of the total mass of crane, thus excluding parts which 
contribution to overall results of this phase is insignificant. 

The Functional Unit (FU) defined in this 
assessment, although simplified, corresponds to the use of 
a RTG cranes in port operations during average 5,000 
working hours per annum and 15 years of lifetime. The FU 
is 1 working hour of container manipulation which 
consists of 32 percent of hoisting operations, 16 percent of 
spreader movement and 52 percent of crane movement 
across the port yard. 

The work environment of RTG cranes is in 
accordance with GaBi software inventory base. The power 
grid mix is chosen to be current EU-25 (ports at EU seas). 
Fuel used for diesel generator set is off-road petroleum 
diesel with high sulfur content. The end-of-life has been 
modeled with respect to the state-of-the art in EU 
recycling plants and according to GaBi software available 
data. The recycling process of large steel sheet gantry 
construction and consumption of resources during the 
recycling process have been included having in 
consideration the dominance of steel material over others. 

The LCA of three RTG cranes is carried out using 
state-of-the-art software GaBi developed by PE 
International as the most represented LCA tool on the 
market. A full LCA was conducted, and the necessary 
input/output data were determent using immense GaBi 
data base. Since modeling the life cycle of such a complex 
machine as RTG crane, certain assumptions are done to 
simplify the assessment. These approaches are common in 
order to lower the costs of LCA and eliminate data 
uncertainties [27], especially due to fact that study is 
entirely independent. The goal of study is intended solely 
for scientific research and therefore critical review is not 
necessary. 

The adopted conventional structure of RTG crane 
with lifting capacity of 40 tonnes is shown in Figure 6. Its 
self weight is ca. 115 tonnes, which consist of 80 tonnes 
steel box gantry structure, spreader and trolley with total 
weight of 25 tonnes and remain weight of diesel generator 
set, cables and other features. This support structure is 
adopted for evaluation of all three analyzed solutions of 
RTG cranes. Adopted drive system is on board diesel 
generator set. It has got 600 kVA AC/DC generator with 6 
cylinders, 12 liter (732 cubic inches) diesel engine with 
power of over 300 kW [25]. 
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Figure 6: 40 tonnes RTG crane 

 
The obtained results of the LCA of RTG cranes are 

presented in accordance to ISO 14040 principles with the 
highlight on two most representative impact assessment 
methods Dutch CML and US TRACI. The results are also 
divided according to system boundaries (Fig. 7): “Cradle-
to-gate”, “Gate-to-grave” and finally as entire life-cycle-
impact-assessment “Cradle-to-grave”. In this way, 
overview of footprints of “upstream” and “off-road” or 
operational part of life are clearly divided. 

As for the most vehicles and long-life machineries 
(life cycle over 5 years) the use phase tends to be the most 

dominant one part of entire life cycle. The same applies 
RTG cranes. The operational life of RTG cranes spans 
from 15 to 30 years with engine overhauling which puts 
the use phase in focus since it contributes to overall results 
in great proportion. Environmental profile of RTG crane is 
given in Figure 7. Nevertheless it is important to conduct 
entire LCA in order to rule out significant issues that could 
appear in the production phase. 

 

 
Figure 7: System boundaries [3] 
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Some obtained results are presented in Figures 8, 9, 

10, 11 [25]. 

 
Figure 8: Global-warming-potential of RTG cranes 

 
Figure 9: Acidification-potential of RTG cranes 

 
Figure 10: Eutrophication-potential of RTG cranes 

 

Figure 11: Photochemical-ozone-creation-potential of 
RTG cranes 

After analyzing the results and comparison of 
conventional RTG with Hybrid and E-RTG, clear 
conclusion can be made. Today, when environmental 
concerns are part of almost every day discourse 
conventional RTG cranes are obsolete. The hybrid super-
cap. systems and electrified solutions offered by CHE 
industry are desirable from both environmental and 
entrepreneurs perspective. The Hybrid and E-RTG have 
significant emission reduction and fuel saving potentials 
and their introduction in to the port operations has almost 
no environmental downside. 

In this way emerging CHE technology for RTG 
cranes could settle environmental concerns of port 
authorities without jeopardizing everyday container 
handlings and at the same time lower operational and 
maintenance costs in long term. 

3.2. Examples of UTRs [13] 
The UTRs are heavy-duty off-road single cab 

vehicles designed for towing trailers with containers in 
terminals. They are by far the most common type of CHE 
used at container terminals, especially in North America 
and often cover over 50% of the total CHE population. In 
typical operations at container terminal UTRs support 
almost every CHE for swift ferrying of the containers 
across the terminal [13]. 

The duty cycle of UTR consist of long idling 
periods and stop and go movements with high or low load 
accelerations. This results in inefficient operation of diesel 
engine and significant air emission and noise pollution. 
Based on some annual port emission reports and available 
air emissions inventories, it is stated that UTRs contribute 
with half of entire terminal carbon and particulate matter 
(PM) emissions associated by CHE. This is due to the fact 
that currently, conventional UTRs are fitted internal 
combustion engine (ICE) with fuel consumption reaching 
average of up to 10 liters per hour [28]. 

Despite major advances in technologies improving 
vehicles environmental performance (especially in 
automotive industry), the application of diesel alternatives 
for off-road vehicles is still in “baby steps”. Several 
solutions are being on and off recognized as top 
contenders for making mainstream application. From the 
alternative fuels to powertrain variations the corresponding 
industries forced by policy makers and environmentally 
concerned public are actively pursuing a pathway to 
mitigate emissions. Based on market success of hybrid 
passenger vehicles and re-emerging electric vehicles, the 
heavy duty off-road manufacturers are exploiting the 
potential of well understood technology that can be 
integrated with UTRs. The transition from ICE to broad 
use of zero (electric) and near zero emission (hybrid) is the 
most governed solution at present and seams as the most 
feasible. 

The hybrid solutions for yard tracks exploit the 
random duty cycle in order to improve the overall 
efficiency of diesel engine. In a UTR equipped with a 
diesel hybrid drive system, the engine is shut down during 
idling periods and regenerative braking allows kinetic 
energy normally wasted during braking to be captured by 
the hybrid energy storage system, subsequently improving 
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fuel efficiency and lowering emissions. There are two 
hybrid systems available for UTRs, which defer only in 
concept of kinetic energy storage. The first is electric 
hybrid system which endorse battery storage solution, 
while second is based on hydraulic high pressure 
accumulator energy storage. 

The diesel electric hybrid UTR uses basically the 
same hybrid technology proven in on-road hybrid vehicles. 
The battery pack (most common is lithium-ion) or ultra 
capacitor is used to store kinetic energy when decelerating 
or braking. Stored energy is later used for to assist ICE 
during acceleration, or for short distance zero emissions 
movement in battery mode. The latest evolution of electric 
hybrid UTRs is plug-in hybrid with additional option of 
battery recharging at grid. With this feature diesel 
generator set could be used as range-extender enabling 
downsizing of ICE. 

The hydraulic hybrid UTR is alternative for electric 
hybrid truck often criticized for battery fallibility and 
hazards potential. The hydraulic hybrid system uses high 
accumulator and low pressure reservoir filled with 
hydraulic fluid and nitrogen (N2) to capture kinetic energy. 
During vehicle braking, the rotating energy of the wheels 
is used to pump fluid from the low pressure reservoir into 
the high pressure accumulator where nitrogen is 
compressed. Up to 70% of the kinetic energy stored can be 
reused for vehicle acceleration. The system can also be 
equipped with start-stop feature enabling engine shut 
down to eliminate idling. 

One of the latest trends in CHE industry is fully 
electric UTR, advertised as zero-emission equipment since 
it has no “tail-pipe” emissions. This system uses electric 
motor and battery storage system (lead, nickel or lithium-
ion battery packs). The electric UTR range is from 80 km 
to 150 km, depending on battery pack size which is up to 
300 kWh. Overall autonomy is sufficient for two shift 
operations. The overall success of electric UTR concept in 
making mainstream is linked to outlook of battery 
development for electric vehicles. 

In order to straightforward the LCA comparison 
having in concern its goal and scope and intended purpose, 
certain simplifications and assumptions are made. These 
are done relating to duty cycles of UTRs and dock side 
operation experience avoiding data uncertainties. 
Therefore conventional diesel model UTR is determent as 
base models, while other three: hydraulic hybrid, electric 
hybrid and full electric cover use over 98% of the same 
construction and components (chassis, wheels, diesel 
engine, cabin, interior features). Adopting this modeling 
principle most of inventory base of conventional diesel 
UTR can be used for creation of inventory base of hybrid 
and electric models. 

The size of selected conventional UTR, set for a 
base model for LCA study is the same as for hybrids and 
electric, and the dimensions are presented in Fig. 12. The 
net weight is 7 tonnes and gross combined weight is 40 
tonnes. The powertrain variations are shown in Table 1. 

The Functional Unit (FU) is also defined according 
to the LCA practice. The FU for the UTR is defined as one 
operating hour at container terminal (yard work), where 
40% of a time is spent in idling, 35% of time is related to 
lower load and 25% with high load. The annual operation 
time for UTRs in this LCA comparison is 2,500 working 
hours. The life cycle is 10 years. The fuel consumption of 
selected models is calculated based on LCA software 
inventory and checked with reports from [28]. 

 
Figure 12: Base model of a UTR with dimensions in 

millimeters [13] 
 

Table 1: Powertrain variations of compared UTR models [13] 
Powertrain Feature Conventional diesel Hydraulic hybrid Electric hybrid Full electric 

Diesel 
engine 

Size 6.7 l 6.7 l 6.7 l - 
Power 150 kW 150 kW 150 kW - 

Battery Capacity - - 5 kWh 150 kWh 
Electric 
motor 

Power - - 80 kW 140 kW 
Voltage - - 150 V 230 V 

Hydraulic 
system 

Pressure - 400 bar - - 
Power - 160 kW - - 

Reservoir Capacity - 0.5 kWh - - 
 

The results conducted assessment are classified and 
characterized in accordance with ISO 14040. For the 
comparative LCA the most significant impacts are 
evaluated and presented via life cycle impact assessment 
(LCIA) problem-orientated method developed by Institute 
of Environmental Sciences from Leiden (CML 2001) and 
damage orientated Swiss method Ecoinvent.  

The “upstream” stage illustrates significant 
differences between UTRs equipped with diesel engine 
and electric motor. The environmental impact of lithium-
ion battery pack production is much greater than of 

conventional diesel engine.  The global warming potential 
(GWP) of 150 kWh battery pack selected for electric UTR 
model is approx. 40,000 kg of CO2 equivalent, which is 
twenty times larger than GWP of 6.7 liter diesel engine. 
This ratio is an “issue” that determents the “upstream” 
stage. 

The results of “use” stage reveal lesser 
environmental impact of electric UTR over other three 
models. This is due to selected EU-25 power grid mix with 
average of 0.539 kg of CO2 eq. per kWh. Other power grid 
mix scenarios could influence results of electric UTR in 
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both directions. The two hybrids show certain reduction of 
environmental impact in range of 20% over conventional, 
but in small favor of hydraulic due to burden of electric 
hybrid’s batteries impact. 

The “end of life” stage is again influenced with 
lithium-ion batteries of electric UTR, while conventional 

and hybrid versions share near the same results. The 
additional abbreviations used in Table 2 are: acidification 
potential (AP), eutrophication potential (EP), phosphate 
(Ph.) and radioactive waste (RW). 

 

Table 2: LCIA of UTRs in kg (CML 2001- problem method) 
UTR Impact Upstream Use End of life Total 
Conventional 
diesel 

GWP [CO2 eq] 35,850 499,152 247 535,249 
AP [SO2 eq] 192 6,508 1 6,701 
EP [Ph. eq] 9 1.201 0,06 1,210 

RW 117 0 0.8 118 
Hydraulic 
hybrid 

GWP [CO2 eq] 38,880 432,126 265 471,271 
AP [SO2 eq] 210 5,647 1.00 5,859 
EP [Ph. eq] 9 973 0.06 982 

RW 135 0 0.9 136 
Electric 
hybrid 

GWP [CO2 eq] 43,135 438,101 1,239 482,475 
AP [SO2 eq] 278 5,725 1 6,009 
EP [Ph. eq] 14 986 1 1,001 

RW 140 0 0.33 140 
Full electric GWP [CO2 eq] 68,025 269,500 4,950 342,475 

AP [SO2 eq] 361 1,430 3 1,817 
EP [Ph. eq] 25 65 4 94 

RW 221 875 1 1,097 

Table 3: LCIA of UTRs (Ecoinvent - damage method) 
Life cycle impact [units] Conventional diesel Hydraulic hybrid Electric hybrid Full electric 
Acidification [PDF*m2*a] 828,521.00 688,122.00 715,401.00 542,485.00 
Ecotoxicity [PDF*m2*a] 1,173 963.38 990.59 698.44 
Climate Change [DALY] 16.00 13.63 13.86 9.26 
Respiratory (inorganic) [DALY] 0.95 0.97 1.27 2.00 
Respiratory (organic) [DALY] 0.07 0.05 0.06 0.04 

The comparative LCA of different UTR concepts 
reveals limitations of application of electric-diesel hybrid 
technology for off-road vehicles in terms of environmental 
benefits. On the other side, the results promote full electric 
UTR as cleaner solution if the right power grid mix is 
selected. However, the hydraulic-diesel hybrid could turn 
out as more simple near future alternative, if the battery 
technology goes to a standstill. The presented example 
illustrates importance of life cycle thinking for decision 
making and identifying the drawbacks of technologies 
promoted as solutions to mitigate environmental impacts. 

4. SIMPLIFIED LCA OF BELT CONVEYORS 
Belt conveyors belong to the class of high 

performance machines (HPMs) and present also the 
backbone of surface mining and conveying systems [29].  
Up to now several researches related to environmental 
effects, such as LCA studies [30] and energy efficiency 
issues have been conducted [31]. 

Previous researches in the Laboratory of ecodesign 
and logistics at the FME Belgrade were focused on 
investigation of environmental properties of belt 
conveyors on BWEs and similar types. It is based on 
simplified LCA of SRs 1201 BWE's belt conveyor and its 
components, which is a part of an ECS system. Each one 
of simplified LCAs, presented in scientific papers [32], 
[33], [34] and [35] was conducted with Ecodesign 
Assistant (EA) and Ecodesign PILOT (EP) software tools 
[36], [4]. In addition to the conducted simplified analysis 

of the complete belt conveyor and its main components, 
three more simplified analyses were conducted in order to 
verify previously obtained results. These analyses included 
simplified LCA of ball bearing 6310 C3, belt conveyor 
gearbox BKF 320 and conveyor belting. Analysis of 
belting is conducted for the second time with more 
accurate data, obtained from the manufacturer. However, 
this analysis has shown the same result as the one 
previously obtained and published in [34]. 

Unlike formal LCA with energy values where 
absolute numbers are derived, the Ecodesign Assistant 
(EA) and Ecodesign PILOT (EP) only calculate relative 
environmental impacts by comparing the occurring 
impacts of the different life cycle stages of the product [4]. 
In that way EA and EP define basic type of a product 
which is determined with the most significant stage of its 
life cycle. Relative to life cycle stages, there are 5 basic 
types of the product: 

• Basic type A - raw material intensive product,  
• Basic type B - manufacture intensive product,  
• Basic type C - transportation intensive product,  
• Basic type D - use intensive product and 
• Basic type E - disposal intensive product. 

Analysis of the BWE's belt conveyor, which is  
8.3 m long, with 1.6 m wide belting and throughput of 
3,465 m3/h of brown coal was presented in [37].  

In accordance with its throughput the functional 
unit of the belt conveyor is determined as: "Transportation 
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of 3,465 m3/h of brown coal". Functional unit is used for 
normalization of total energy, materials and emissions. In 
such way different conveyors with the same throughput of 
brown coal can be compared. Moreover, results of such 
comparison can lead to improvement of design of short 
conveyors from the environmental point of view or 
choosing adequate type of conveyor for required purpose 
(perhaps change in concept or some other changes). 

Minimum service life of a belt conveyor is 
expected to be 5 years. It is calculated in accordance with 
l10 bearing service life. Actual life span of a belt conveyor 
is considerably longer and it equals 25 to 30 years. 
Therefore, ball bearings are to be replaced at least 5 to 6 

times during the conveyor lifetime. Gearbox oil is changed 
on a yearly basis. Most of the data are taken from previous 
partial analyses and implemented into the analysis 
presented in [38]. 

For the purpose of the presented analysis, the belt 
conveyor is divided into five main groups of parts as 
presented in [38], see Figure 13 [37]: 

1. Idlers/rollers, 
2. Pulleys, 
3. Belting, 
4. Electric motor (EM), 
5. Other. 

 

 
Figure 13: Main components of a conveyor: 1. belting, 2. idlers/rollers, 3. pulleys, 4. electric motor, 5. other 

 
Group of parts named "other" consists of belt 

conveyor drive components (without EM), take up device 
and accessories. Drive components considered here are 
gearbox unit, coupling and drum brake, see Figure 14 [37]. 
Take-up device is not considered within the analysis 
because of the lack of data. Normally, take-up device 
could be considered as component that: 

1. Consumes electric or other kind of energy, 
2. Does not consume energy. 

In case that take-up device consumes energy, the 
type and amount of consumed energy per use should be 
calculated and added to the total energy consumed by the 
belt conveyor in its use stage. In the second case, take-up 
device is considered a part predominantly made of steel 
which is produced by machining. Generated waste during 
the production stage of take-up device is assumed to be 
10% of its mass. The second case will be used as a pattern 
for modelling parts and components predominantly made 
of single material and do not consume energy. 

 
Figure 14: Belt conveyor drive components: 1. gearbox, 2. 

coupling, 3. drum brake 
Parts and components which belong to the 

accessories are analyzed the same way as the take-up 
device. The only component from this group of parts 
considered here is chute. During the analysis, the belt 
conveyor is divided into 5 groups of parts. These 5 groups 
are further classified in accordance with their constituent 
materials. This classification is presented in Table 4 and 
summarized in Figure 15 [38]. 
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Table 3: LCIA of UTRs (Ecoinvent - damage method) 
Group of parts Pieces Weight/piece 

[kg] 
Weight 

[kg] 
Material Class Scrap 

[kg] 
1. Rollers 
Steel parts 47 rollers 27.8 1,307.0 Steel III 10% = 130.7 
Rubber parts 31 rollers 6.2 192.0 Rubber IV 10% = 19.2 
Lubricating grease:   
       considered in raw material stage  
       considered in use stage 

 
7.52 

0.023 kg/use 

 
Li-based oil 

 
V 
V 

 

2. Pulleys 
Steel parts 1.5 1,252.0 1,878.0 Steel III 10% = 187.8 
Alloyed steel parts 1.5 751.3 1,127.0 Alloyed steel VI 10% = 112.7 
Rubber parts 1.5 157.37 236.0 Rubber IV 10% = 23.6 
Lubricating grease:   
       considered in raw material stage  
       considered in use stage 

 
4.095 

0.013 kg/use 

 
Li-based oil 

 
V 
V 

 

3. Belting 
Carcass 1 112.64 112.64 EP & PA V 10% = 11.3 
Covers 1 450.56 450.56 Rubber IV 10% = 45.1 
4. Electric motor 
Windings and bars  1 176.0 176.0 Copper V 10% = 17.6 
Housing 1 264.0 264.0 Cast iron IV 10% = 26.4 
Steel parts 1 440.0 440.0 Steel III 10% = 44.0 
5. Other 
5.1 Gearbox 1  900.0    
Casing 1 450.0 450.0 Cast iron IV 10% = 45.0 
Flange 1 74.0 74.0 Alloyed steel VI 10% = 7.4 
Steel parts 1 376.0 376.0 Steel III 10% = 37.6 
Lubricating oil: 
       considered in raw material stage  
       considered in use stage 

 
50 l ≈ 45 kg 
0.144 kg/use 

 
Mineral 
oil 

 
V 
V 

 

5.2 Coupling 1 20.0 20.0 Steel III ≈50% = 10.0 
5.3 Drum brake 1 120.0 120.0 Steel III 10% = 12.0 
5.4 Chute 1 1,950.0 1,950.0 Steel sheet IV 10% = 195.0 

 
In accordance with the "cut-off" rule, parts with 

mass inclusion lower than 5% of total mass of the product 
have been neglected. In this case, since there were partial 
analyses conducted, "the product" stands for components 
of the belt conveyor presented in papers [32], [33], [34], 
[35] and summarized in paper [38]. "Cut-off" rule based 
on energy inclusion gives similar results. 

Lubricants can be considered either within raw 
material stage or within use stage. Regardless of which of 
these two options are chosen, the result remains the same. 
Besides the belt conveyor parts, packaging and packaging 
material are taken into account as presented in [38]. Total 
energy input and generated waste during the 
manufacturing of the belt conveyor are obtained from [38] 
and shown in Figure 16. Data from the manufacturing 

stage form for initial iteration are shown in Figure 16. The 
initial iteration presents the worst case scenario and basis 
for further optimization of environmental properties of the 
belt conveyor. The belt conveyor, as a part of BWE, is 
utilized at the open pit mine near Lazarevac. Most of the 
belt conveyor components are supplied from the 
manufacturer in the proximity to the open pit mine. 
Calculated hauling distance for transportation of external 
parts by truck was 1,865 km. In accordance with [37], this 
distance can be classified as "rather short". The drum 
brake is transported from the greatest distance 
(approximately 1,500 km) and it is considerably affecting 
total transportation distance [38]. 
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Figure 15: Raw material stage form with lubricants considered within it [38] 

 
The use stage is determined with the number of 

operating hours per day and consumption of electricity and 
auxiliary material. The belt conveyor operates 20 hours 
per day 325 days a year. It is assumed that one use equals 
one working day. The belt conveyor consumes 2.64 
MWh/use, but due to software limitations this value is set 
to 1.0 MWh/use. However, this fact does not affect the 
result. Besides the electricity consumption, the belt 

conveyor needs lubrication for its proper operation. 
Lubrication could be considered either in this stage or in 
raw material stage. In case of lubricating the belt conveyor 
in use stage there is a need for 0.036 kg/use of FOR LPD 2 
lubricating oil for ball bearings and 0.144 kg/use of 
Reduktol oil for gearbox unit. As previously stated, both 
options give the same result [38]. 
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Figure 16: Manufacturing stage form for initial iteration [38] 

 
Spare parts and their consumption were not 

considered during the analysis presented in [38]. This fact 
will certainly affect the increasing consumption of 
auxiliary material in the use stage. However, this will not 
change the result since use stage already has the greatest 
impact to the environment in accordance with [38]. Spare 
parts and their consumption affect more the maintenance 
strategy and service intervals.  

The first iteration assumed the worst case scenario 
for EoL options also. All of the belt conveyor components 
are disposed of in a landfill. When lubricants are 
considered as a parts in raw material stage, at the EoL 
stage there has to be chosen the way of their disposal. 

Finally, it was concluded that the belt conveyor is a 
D-type product [37]. Initial iteration is conducted in a way 
that results in maximum environmental load. Result of 
initial iteration is initial result, and it serves as a basis for 
further environmental improvements of the belt conveyor, 
refer to Figure 17. Further optimizations of environmental 
properties of the belt conveyor are described in [38]. 
Regardless of variations in input parameter values through 
iterations the belt conveyor remained use intensive 
product. Strategy S13 remained the strategy with the 
highest priority (main), while strategies S10, S12 and S15 
had been assigned to the strategies that are to be realized 
latter (more) and all other strategies disappeared from 

P.35



Proceedings of IX International Conference “Heavy Machinery- HM 2017”, Zlatibor, 28 June – 1 July 2017 
 

N. Zrnić 

recommendations due to proper optimization of input 
parameters that already involved their implementation. 

 

 
Figure 17: The result of the first iteration - initial result [38] 

 
In compliance with previously conducted 

researches and related published papers it can be said that: 
• Since EM is a belt conveyor component that 

contributes most to electricity consumption, just 
increase in its energy efficiency delivers the 
greatest reduction of environmental impact, 

• Adequate maintenance strategy and similar 
service intervals for different components of the 
belt conveyor ensure reduction of overhauling 
time, 

• Reliability of the belt conveyor is largely 
dependent on selected maintenance strategy, 
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• Improving functional quality increases reliability, 
improves maintenance and reduces consumption,  

• Replacement of process and auxiliary materials, 
especially lubricants, with renewables contributes 
to reduction of environmental impact of the 
product, 

• Lubricants are marked as hazardous waste and 
they have to be treated in a proper manner at the 
EoL; possible improvements related to lubricant 
characteristics will be considered later, 

• In-house recycling eliminates transportation 
needed in case of external recycling or disposal,  

• Regionally available parts and materials reduce 
need for transportation,  

• Production volume does not affect the result, 
• Number of external components has greater 

impact than their hauling distance, 
• Steel parts are recycled (this applies particularly 

to the rollers), 
• Any EoL option for packaging does not affect the 

result, but it is likely that the euro pallets are 
reused and the wooden cases are disposed of in a 
landfill. 

The listed issues with corresponding 
recommendations have been thoroughly further elaborated 
in [37]. 

CONCLUSIONS 
Among all other aspects intralogistics is related to 

material handling and conveying technologies and 
equipment. Consequently, investigations and research of 
potential improvements of environmental properties of 
intralogistics equipment, especially energy efficiency, has 
great impact on future trends in intralogistics. 
Development of innovative technologies is strategically 
focused on improving environmental performances and 
reducing emissions. Therefore, it would be 
recommendable to prove the real environmental benefits 
of newly established innovative technologies. The 
presented researches conducted in the recent years at the 
Faculty of Mechanical Engineering in Belgrade are related 
to cargo handling equipment and belt conveyors. The 
presented examples illustrate importance of life cycle 
thinking for decision making and identifying the 
drawbacks of technologies promoted as solutions to 
mitigate environmental impacts. 

The efforts of CHE industry in providing ports and 
container terminals with environmentally more efficient 
technologies are becoming more visible than ever. Almost 

every piece of CHE today is offered with some solution 
for reduction of emissions and energy consumption, from 
alternative fuels and hybrid technology, to promising “zero 
emission” concept. The “zero emission” concept applied 
on RTG crane and UTR as core of CHE is investigated in 
the presented researches using LCA methodology. The 
LCA proved itself as a valuable tool for comparison of 
even such complex products as the CHE. It offers 
systematic approach for sustainability evaluations of life 
cycles of conventional and novel technologies. However, 
in order to avoid any major data inventory uncertainties 
often pointed out by LCA critics, the random comparison 
of onsite measurements results with functional unit 
assumptions is recommended. 

The entire life cycles of conventional diesel RTG 
crane and UTR were compared with electric ones in order 
to reveal any sustainability sensitivities that are common 
with energy source transitions. In this respect, the results 
of LCA present electrification of CHE as a feasible and 
sustainable solution aimed to mitigate environmental 
impact of ports. The transition from diesel to electric 
handling equipment is a step forward, although “zero 
emission” operations from LCA perspective are 
impossible to be achieved. 

The fact that selection of power grid mix can, due 
to nature of LCA, provide completely different results, a 
short “what if” analysis was conducted in [26]. In order 
not to overextend the comparison of data, only GWP is 
taken into account. The calculation for replacement of 
lithium ion battery pack of electric UTR after 5 years is 
also shown in Figure 18 [26]. The assumptions made, for 
instance, for comparison of environmental impacts of 
UTRs are: 

• Electric 1 refers to result from LCA, without 
battery change and EU-25 power grid mix with 
GWP of 0.539 kg of CO2 eq. per kWh; 

• Electric 2, same as above with battery 
replacement (disposal of old batteries and entire 
life cycle of new batteries); 

• Electric 3 – For this UTR, the power grid mix is 
adopted to be the world average with GWP of 
0.749 kg of CO2 eq. per kWh; the battery 
replacement is also taken into account. 

• Electric 4 – The power grid mix is an average 
GWP for coal power plant approximated to 1 kg 
of CO2 eq. per KWh; 

• Diesel – results from LCA study. 
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Figure 18: LCA of UTRs depending on power grid mix [26] 

 
Analysis shows that electric over diesel UTR has 

lower GWP only up to the level of 0.9 kg of CO2 eq. per 
kWh of electric energy. In the case of coal burning power 
plants, the emissions of conventional diesel UTR are only 
replaced with similar level of GWP of electric UTR. If the 
additional environmental impact of battery replacement is 
taken into account, as with case of presented electric UTR 
no. 4, the overall results are actually worse than 
conventional diesel burning UTR [26]. 

If we speak about the conducted simplified LCA 
analysis of a complete belt conveyor presented in [37], it 
shown that the most significant stage of a BWE belt 
conveyor life cycle is its use stage. Besides EM, 
consumption of the belt conveyor is determined with 
different kind of resistances to motion. Improving EM 
efficiency together with reduction of these resistances 
contributes to minimization of electricity consumption, 
reduction of wear of moving parts such as belting surface, 
prolonging of belt conveyor's life and consequently to 
sustainable development in general.  

Further and deeper research should consider 
generalization which should include: 

• most common types of idlers/rollers, normalized 
by their length and diameter;  

• pulleys with different kinds of coatings, 
normalized by their length and diameter;  

• steel cord beltings and beltings with textile 
reinforcing plies, normalized by their unit of 
length, belt width and reinforcing plies (in case of 
beltings with textile reinforcing plies, 
normalization should be done in accordance with 
number of reinforcing plies and in case of steel 
cord beltings, normalization should be done in 
accordance with steel cord diameter), 
establishment of relation between power and 
weight of EM and normalization of EM in 
accordance with its power. 

The idea of this simplified LCA was to implement 
further the gained generalizations into formal LCA, which 
will be conducted with corresponding LCA software. 
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In this paper we present the damping characteristic and how to determine it through modelling and numerical 
simulation of the seismic isolation bearings group in modular design for bridges and viaducts. 
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1. INTRODUCTION 
 In the modular bridge and viaduct seismic 

grouping and seismic isolation group, Figure 1, analysed 
in the present paper, the component elements which have 
the role of damping the motion of the bridge 
superstructure by dissipating the kinetic energy are: 
1. the elastomeric insulator, provides viscoelastic 

damping and has a viscous damping equivalent to the 
type of rubber used: soft G=0,4N/mm2, ξ=10%, 
normal G=0,8N/mm2, ξ=10% şi hard G=1,4N/mm2, 
ξ=16%; 

2. spherical bearing, provides dry friction damping µ = 
0,02; 

3. a system consisting of six hydraulic shock absorbers, 
arranged in a geometric configuration according to 
the cinematic scheme of the Stewart platforms, 
provides viscous damping, the viscous damping 
coefficient of each damper being adjustable by 
changing the passage hole area between the two 
chambers of the cylinder. 

 In conclusion, the only item that has a 
functionally adjustable parameter is the six hydraulic 
dampers system and the adjustable parameter is the 
viscous damping coefficient of each hydraulic damper. 

 

2. DETERMINING THE DAMPING 
CHARACTERISTICS 

The damping of the seismic isolation bearings 
group is assessed by the dissipated energy during a period 
of seismic motion that is given by the magnitude of the 
hysteresis area of the force-displacement diagram. 

 

In order to obtain the force-displacement diagram, a 
virtual model was constructed and simulated the operation 
of the seismic isolation bearings group, in modular design, 
for bridges and viaducts. The simulation was done for 
various values of the viscous damping coefficient of the 
hydraulic dampers and also for the different directions of 
the seismic movement in relation to the bearing group; the 
representative directions being Ox and Oy respectively. In 
the simulation, a displacement of the upper plate was 
imposed relative to the lower plate and the force required 
to achieve the displacement considered as the sum of all 
dissipative forces in the direction of motion was measured. 
Characteristics of the components of the simulated group 
are: 
1. Elastomeric isolator ALGA HDS300x96, 

G=0,4N/mm2, k=0,29kN/mm; Vmax=500; 
Vdin=210kN; smax=200mm; 

2. spherical bearing MAGEBA KA 1.0, µ = 0.02, Vmax 
= 1000; Vdin = 300kN, p = 180N /mm2 

3. Hydraulic dampers ACE, HB-70-100-EE-P, stroke 
100 mm, Fmax = 50kN 

The results obtained are presented below. 
 

2.1. Displacement by the Ox axis 
The large plate is considered fixed and the small 

plate translates along the Ox axis following the law 
mm)tsin(*100)t(x π+⋅π= . On top of the small 

plate acts a vertical force of 210 kN. The results for the 
force required for displacement, measured in N, for 
various values of the dampening coefficient c of the 
hydraulic dampers are shown in Figure 2 to 5. 
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Figure 1. Displacement by the Ox axis and acting force on the upper plate.  
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Figure 2. Fd(t) şi Fd(x) for c = 0 Ns/mm 
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Figure 3. Fd(t) şi Fd(x) for c = 50 Ns/mm 
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Figure 4. Fd(t) şi Fd(x) for c = 100 Ns/mm 
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Figure 5. Fd(t) şi Fd(x) for c = 500 Ns/mm 
 
 

2.2. Displacement by the Oy axis 
 The large plate is considered fixed and the small 
plate translates along the Oy axis following the law 

mm)tsin(*100)t(y π+⋅π= . On top of the small 

plate acts a vertical force of 210 kN. The results for the 
force required for displacement, measured in N, for 
various values of the dampening coefficient c of the 
hydraulic dampers are shown in Figure 7 ... 10. 

 
 

 
 

 

 

 
y(t) 

Figure 6. Displacement by the Oy axis and acting force on the upper plate. 
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Figure 7. Fd(t) şi Fd(y) pentru c = 0 Ns/m 
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Figure 8. Fd(t) şi Fd(y) pentru c = 50 Ns/m 
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Figure 9. Fd(t) şi Fd(y) pentru c = 100 Ns/m 
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Figure 10. Fd(t) şi Fd(y) pentru c = 500 Ns/m 
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3. CONCLUSIONS 

1. The behavior of the seismic isolation bearings 
group, in modular design, for bridges and viaducts in 
terms of dissipated energy does not depend on the 
direction of seismic motion. 

2. The energy dissipated per cycle, fig. 11, 
practically varies linearly with the viscous damping 
coefficient of the hydraulic dampers. 

 

 

 
 

Figure. 11. Dissipated energy (c) 
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It is offered the new approach to complex dynamic analysis of mechanical systems with use of a certain set of 
modern computer systems. This approach provides high level of dynamic analysis of mechanical systems, including and 
presentation of received results. It is especially important at the earliest design stages of mechanical systems. 
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1. INTRODUCTION 

Considers method of the dynamic analysis of 
mechanical systems on an example of modeling 
movement mechanism crane in system Mathcad. 

This method includes several stages.  
On the first stage creates the marked state graph of 

rotating bodies.  
On the second stage creates mathematical model - 

differential equations system, describing functioning 
movement mechanism of crane. Such approach provides 
presentation of interaction of adjacent bodies of the 
mechanism and significantly facilitates creation of 
corresponding mathematical model for the dynamic 
analysis of the mechanism.  

On the third stage defines mass-inertial characteristics 
of the basic rotating elements of the mechanism and 
reduced value (input data). 

 On the fourth stage creates the computer model for 
execution of the computer experiments in Mathcad 
systems. Next carries out modeling process.  

 

2. CREATION OF MARKED STATE GRAPH 
The first stage. The movement mechanism of the 

crane represents in the form of consistently connected 
bodies of rotation. It can be represented in a graphic kind 
by means of the marked graph (Figure 1). 

 
 

 
Figure 1: The marked state graph of rotating bodies 

movement mechanism of the crane 
 

where are:  
Мдв - the rotational moment of the engine;  
Iдв, I1, I2 

*, Iио
* - moment of inertia of bodies: an engine 

rotor; a worm-shaft; a worm-wheel and an executive unit;  

с1, с2 
*, с3 

* - coefficients of torsion rigidity bodies: the 
engine-worm; a worm-worm a wheel; a worm wheel-
executive office; 
µ 1, µ2 

*, µ 3
* - coefficients of dissipation bodies: the 

engine-worm shaft; a worm shaft-worm- wheel; a worm-
wheel-executive unit; 
Mc

*
 - moment of resistance to movement and 

i1, i2 - gear-ratio of a worm reducer and open gear. 
  
The rectangle of the count is driving (rotating or 

moving) a body of mechanical system. The arrows 
entering or leaving a rectangle, it is the operating moments 
for bodies of rotation and force for moving bodies. The 
arrows entering into a rectangle, define themselves jet, and 
the leaving active moments for bodies of rotation and 
corresponding forces for moving bodies. 

On each body of rotation (moving) the jet moments 
(forces) can operate: the moments (forces) of inertia and 
the moments (forces) connected with диссипативными 
and elastic properties of a body. 

The sizes connected with dissipative and elastic 
properties of a body, depend on properties of adjacent 
bodies with which the considered body cooperates. 

 
3. MNEMONIC RULE FOR CREATION OF 

MATHEMATICAL MODEL 
For creation of mathematical model - systems of 

the differential equations describing work of mechanical 
system, consisting of consistently connected bodies of 
rotation, the following mnemonic rule is offered: 

- rotation of each i-th body of system is described 
by the differential equation of the second order; 

- number of the differential equations of the second 
order to equally number of bodies of rotation of the 
mechanism; 

- first member of the differential equation for each 

i-th body of rotation is equal iiI ϕ⋅ ; 
- number of members in each i-th differential 

equation of system to equally number of the arrows 
entering or leaving the considered body of rotation, plus 
the first member; 

- each member of the differential equation has the 
sign.  

A.1
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If the arrow is directed to an investigated body of 
system, the member undertakes with a sign plus if from a 
body with a sign a minus; 

- the subsequent members of the differential 
equation are equal: 

 to multiply coefficient of rigidity adjacent body on 
a difference of turning angles of adjacent bodies 

1( )j j jc ϕ ϕ−⋅ − ; 
 to multiply coefficient dissipation adjacent body 

on a difference of angular speeds of adjacent bodies 
1 1( )j j jµ ϕ ϕ−⋅ − 

: 
- it is necessary to consider gear-ratios also (see 

below). 
 

4. CREATION OF MATHEMATICAL MODEL 
 

Using the marked state graph of rotating bodies of 
the mechanism and a mnemonic rule it is possible to write: 

 
- first differential equation 
 

1 1 1 1( ) ( ) 0;дв дв дв дв двI c Мϕ ϕ ϕ µ ϕ ϕ⋅ + ⋅ − + ⋅ − − =    
 
- second differential equation 
 

1 1 2 1 2 1 2 1 2 1 1 1

1 1

( ) ( ) ( )
( ) 0.

дв

дв

I c i i cϕ ϕ ϕ µ ϕ ϕ ϕ ϕ
µ ϕ ϕ

∗ ∗⋅ + ⋅ − ⋅ + ⋅ − ⋅ − ⋅ − −
− ⋅ − =

  

 

 
 The differential equations and for other bodies of 

rotation are similarly represented. Parameters with 
asterisks are the resulted parameters. 

Final system of the differential equations describing 
work of the mechanism of movement of the crane will 
register so: 

 
1 1 1 1

1 1 2 1 2 1 2 1 2 1

1 1 1 1

2 2 3 2 1 1 2 3 2 1 1 2

2 1 2 1 2 1 2 1

( ) ( ) 0;

( ) ( )
( ) ( ) 0;

( ) ( )

( ) ( ) 0

дв дв дв дв дв

дв дв

ио ио

I c М

I c i i
c

I c i i i i i i

c i i

ϕ ϕ ϕ µ ϕ ϕ

ϕ ϕ ϕ µ ϕ ϕ
ϕ ϕ µ ϕ ϕ

ϕ ϕ ϕ µ ϕ ϕ

ϕ ϕ µ ϕ ϕ

∗ ∗

∗ ∗ ∗

∗ ∗

⋅ + ⋅ − + ⋅ − − =

⋅ + ⋅ − ⋅ + ⋅ − ⋅ −
− ⋅ − − ⋅ − =

⋅ + ⋅ ⋅ − ⋅ ⋅ + ⋅ ⋅ − ⋅ ⋅ −

− ⋅ − ⋅ − ⋅ − ⋅ =

  

  

 

  

 

3 2 1 1 2 3 2 1 1 2
1 2

;

( ) ( ) 0.с
ио ио ио ио

М
I c i i i i i i

i i
ϕ ϕ ϕ µ ϕ ϕ

∗
∗ ∗ ∗⋅ − ⋅ ⋅ − ⋅ ⋅ − ⋅ ⋅ − ⋅ ⋅ + =

⋅
  

 
     
 
This system of the differential equations describes 

work of elements of a drive at the appendix to a rotor of 
the engine of moment Мдв, and to executive (working) 
body of the moment resistance of movement Мс. 

 
 

5. CREATION OF COMPUTER MODEL 
 

For the decision of system of the differential 
equations on the computer it is necessary to present it in 
the form of system of the differential equations of the first 
order: 

 

 
 
 
where are:  
Iпр - the led moment of inertia to an engine shaft, kgm2 the 
mechanism of movement of the crane and the crane with 
the cargo, falling to one mechanism; 
Iдв - moment of inertia of a rotor of the engine with 
полумуфтой, kgm2;  
I1 - moment of inertia of an incorporated body the worm-
shaft (half-coupling and a worm-shaft), kgm2;  
I2 - moment of inertia of an incorporated body the worm-
wheel (a worm-wheel and a shaft a gear wheel), kgm2;  

двϕ , 1ϕ , 2ϕ , иоϕ  - accordingly, angular speeds of bodies: 
engine, the worm-shaft, the worm-wheel, executive unit. 
(A running wheel), 1/с; 

 
This system completely describes work of elements 

of a drive at the appendix to a rotor of the engine of the 
moment, and to a running wheel of the moment of 
resistance to movement Mc. 

For simplification of the decision of the given 
system it is expedient to present it in the form of the 
system of the differential equations consisting not from 
four differential equations of the second order, and from 
eight differential equations of the first order. 

 
 
6. DETERMINATION OF INPUT DATA 

 
Calculation of initial data includes calculation: 
- the moments of inertia of all rotating elements of 

the mechanism of movement of the crane; 
- factors rigidity of connections of adjacent 

elements of the mechanism; 
- factors dissipation connections of adjacent 

elements of the mechanism. 
In settlement dynamic schemes all real parameters 

of cars (the moments of inertia, weights, rigidity, external 
loadings, …) are replaced with the resulted.  

Reduction of the moving concentrated weights of 
bodies of the mechanism of movement of the crane we 
will make to a shaft of the engine on the basis of equality 
kinetic energy. 

Kinetic energy at start-up of the mechanism of 
movement of the crane consisting of four rotating and one 
forward weights (the crane with cargo), resulted at an 
engine shaft, can be presented in such kind:  
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,

2
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кр гр кр

ио
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m m v
Zм

ϕ ϕ ϕϕ ϕ
η η η η η η

η η η

⋅ = ⋅ + ⋅ + ⋅ + ⋅ +
⋅ ⋅ ⋅ ⋅ ⋅ ⋅

+
+ ⋅

⋅ ⋅ ⋅

   

 
 

where are: 
Iио - moment of inertia of incorporated body (a cogwheel, a 
shaft and a running wheel), kgm2;  

1 2, , иоη η η  - accordingly, coefficient of efficiency 
incorporated bodies: worm-shaft, worm-wheel, executive 
unit; 
mkr - weight of the moved crane, kg; 
mгр - weight of moved cargo, kg; 
 Vкр - speed of movement of the crane, m/c; 
Zм - number of mechanisms of movement of the crane. 

 
Having divided, the left and right parts of last 

expression on 
2

двϕ , we will receive expression, kgm2.  
 

1 2
2 2 2

1 1 1 2 1 2 1 2
2

1 2

( ) ( / )
.

ио
пр дв

ио

кр гр кр дв

ио

II II I
i i i
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η η η η η η

ϕ
η η η
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+
+ ⋅

⋅ ⋅



 
 

where are: i1, i2 - accordingly gear-ratios of a worm 
reducer and an open tooth gearing.  

But it is possible to present speed of movement of 
the crane in such kind 

 
 Vкр = φхк ∙Rхк = φдв ·Rхк / (i1··i2), 
 

where is: Rхк - radius of a running wheel of the crane, m. 
 
Definitively led moment of inertia to an engine 

shaft, kgm2 all moving bodies of one mechanism of 
movement of the crane and the crane with the cargo, 
falling to one mechanism, буде to look so 

 
1 2

2 2 2
1 1 1 2 1 2 1 2

2

2 2
1 2 1 2

( )
.

ио
пр дв

ио

кр гр хк

ио

II II I
i i i

m m R
Zм i i

η η η η η η

η η η

= + + + +
⋅ ⋅ ⋅ ⋅ ⋅ ⋅

+
+ ⋅

⋅ ⋅ ⋅ ⋅  
 
 

7. CALCULATION OF THE MOMENTS OF INERTIA 
OF ROTATING BODIES AND THEIR RESULTED 

VALUES 
 
 

The moments of inertia of rotating bodies can be 
defined calculation, using known formulas and drawings 
of corresponding details (knots), or, having created 
corresponding models of details (knots) in CAD in which 
they automatically pay off. 

For example, the moment of inertia of a brake 
pulley can be defined, using the corresponding three-
dimensional model constructed in system the KOMPAS 
3D (Figure 2).                    

 
 

Figure 2: Result of definition of the moment of inertia of 
model the Brake pulley 

  
The moment of inertia of a rotor of the engine is 

defined from engine technical characteristics. 
     Iрот = 0,065 kgm2. 
The moment of inertia I1, kgm2 an incorporated 

body the worm (the cylindrical-shaft and the worm-shaft) 
it is possible to define and a settlement method with use of 
its sizes Figure. 3. 

 

 
 
Figure 3: The sizes of an incorporated body the 

worm-shaft (the cylindrical shaft and the worm-shaft) 
 

1
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+ ⋅ = ⋅

∑

 
where are: 
 ρ  - material density of which the body is made, kg/m3; 
 n1 - Number of steps on an incorporated body the worm-
shaft; 
 l1j - Length j - oh steps of an incorporated body the worm-
shaft, m; 
 d1j - Diameter j - oh steps of an incorporated body the 
worm-shaft, m. 

 
The moments of inertia and their resulted values 

under known formulas and for other bodies are similarly 
defined. Further factors of rigidity and disipation for each 
body under known formulas and their resulted values, and 
also parameters of the mechanical characteristic of the 
electric motor are defined. 
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8. CALCULATION OF PARAMETERS OF THE
MECHANICAL CHARACTERISTIC IN SYSTEM

MATHCAD 

The dynamic analysis of the crane movement 
mechanism in system Mathcad. 

Initial data: 
- moment inertia of a join body an engine rotor, kgm2: Ien=

0.093
- reduced moment of inertia of a join body the Worm,

kgm2: Iire= 0.001722
- reduced moment of inertia of a join body the: Worm

heel, kgm2: I2re= 0.000167
- reduced moment of inertia of a join body the Execution

unit, kgm2, I3re= 0.202
- rigidity coefficient of connections of a join body the

Worm, Nm/radian: ci = 7754
- rigidity coefficient of connections of a join body the

Worm heel, Nm/radian: c2= 4215
- rigidity coeff. of connections of a join body the

Execution unit, Nm/radian:c3= 7122
- rigidity dissipation of connections of a join body the

Worm, Nms/radian: pi = 0.731
- rigidity dissipation of connections of a join body the

Worm heel, Nms/radian: p2= 0.336
- rigidity dissipation of con. of a join body the Execution

unit, Nms/radian: p3= 1.373
- resulted moment of resistance of a crane movement

mechanism, kgm2: Mr= 103.161
- gear-ratio of the reductor : ii = 39
- gear-ratio of the open gear: i2= 2.52
- size of critical sliding Sc= 0.551
- maximum (critical) moment of the engine in a static

mode, Nm: Mc = 165.066
- nominal moment of the engine, Nm: Mn= 52.469
- angular velocity of rotation of the engine rotor, 1/s: ron=

95.295
- acceleration of gravity, m/s2: g= 9.81

Required parameters: 
- angle of turn and angular velocity of the engine rotor

with brake pulley:X0, X4
- angle of turn and angular velocity of the Worm: X1, X5
- angle of turn and angular velocity of the Worm heel: X2,

X6
- angle of turn and angular velocity of the Execution unit

(the running wheel):X3, X7

Algorithm of calculation: 

1. Reduction of dimensions Ien=Ien·g
l1re=l1re·g
I2re=I2re·g
I3re= I3re·g 

2. Representation and the decision of system of the
differential equations:

- a vector-column of initial values required parameters
x := (0 0 0 0 0 0 0 0)T 

- a vector-column of the right part of system of the
differential equations

D t x, ( )

x4

x5

x6

x7

1
Ien

2 Mc⋅

1
x4

ωn
−

Sc
Sc

1
x4

ωn
−

+

µ1 x4 x5−( )⋅− c1 x0 x1−( )⋅−















⋅

µ1 x4 x5−( )⋅ c1 x0 x1−( )⋅+ µ2 x5 x6 i1⋅−( )⋅− c2 x1 x2 i1⋅−( )⋅−

I1re

µ2 x5 x6 i1⋅−( )⋅ c2 x1 x2 i1⋅−( )⋅+ µ3 x6 i1⋅ x7 i1⋅ i2⋅−( )⋅− c3 x2 i1⋅ x3 i1⋅ i2⋅−( )⋅−

I2re

1
I3re

µ3 x6 i1⋅ x7 i1⋅ i2⋅−( )⋅ c3 x2 i1⋅ x3 i1⋅ i2⋅−( )⋅+
Mr

i1 i2⋅
−





⋅

















































:=

-modelling parameters:
Initial time of modelling, s:t0= 0
Final time of modelling, s:tl= 2
Number of steps of integration:N= 100

- decision of system of the differential equations by
means of built in function Rkadapt (x, to, tl,N,D)

- method Runge-Kutta with adaptive step.
Z= Rkadapt (x, to, tl,N,D)

- results of definition of required parameters:
t Z 0〈 〉

:= x0 Z 1〈 〉
:= x1 Z 2〈 〉

:=

x2 Z 3〈 〉
:= x3 Z 4〈 〉

:= x4 Z 5〈 〉
:=

x5 Z 6〈 〉
:= x6 Z 7〈 〉

:= x7 Z 8〈 〉
:=

3. Graphic representation of required parameters
depending on time - t:
- angular movings of bodies: an engine rotor (x0) and

the running wheel (x3)
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- angular speeds of bodies: an engine rotor (x4) and
the running wheel (x7):

 

4. Comparison of results of calculation and
simulation:
- settlement tabular values of angular speed of

rotation of a rotor of the engine depending on time
by results of modelling, radian/s

x4
T 

= 
0 1 2 3 4 5 6 7 

0 0 2.939 5.929 8.967 12.058 15.198 18.39 

- an error of modelling of angular speed of rotation of
a rotor of the engine - δ ω n, %

x4( )
N

95.127=  δωn

ωn x4( )
N

−

ωn
100⋅:=

δωn 0.176=

- settlement nominal angular speed of rotation of a
running wheel, radian/s

ωh
ωn

i1 i2⋅
0.97=:=

- settlement tabular values of angular speed of
rotation of a running wheel depending on time by
results of modelling, radian/s

x7
T 

= 
0 1 2 3 4 5 6 7 8 

0 0 0.031 0.062 0.093 0.125 0.157 0.19 0.223 

- an error of modelling of angular speed of rotation of
a running wheel. %

x7( )
N

0.968=  δωh

ωh x7( )
N

−

ωh
100⋅:=

δωn 0.176=

5. The dynamic moment and factor of dynamism in
the course of engine start-up:
- moment of inertia of weights of the crane

movement mechanism, led to an engine shaft
Ire= Ien + lire + I2re + I3re  Ire = 2.912 

- angular acceleration of the engine rotor
aen

1
Ire

2 Mc⋅

1
x4

ωn
−

Sc
Sc

1
x4

ωn
−

+

µ1 x4 x5−( )− c1 x0 x1−( )⋅−















⋅:=

- dynamic moment, Nm and dynamism factor on an
engine shaft under which action there is a dispersal
of the crane movement mechanism

Mdyn= aen·Ire kdyn
Mdyn Mr+

Mr
:=

- maximum dynamic moment, Nm and dynamism
factor on an engine shaft

Mdynìàõ = max(Mdyn)  Mdynìàõ = 157.556 
kdynmax = max(kdyn) kdynmax = 2.527 

- condition check: the dynamic moment on a shaft of
the engine in the course of dispersal should be less
than the critical moment of the engine, Nm

Mdynìàõ = 157.556 less Mc = 165.066 
The condition is carried out. 
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9. CONCLUSION 

The proposed procedure of calculation of the 
dynamic analysis of work of mechanical drives using 
Mathcad software enables to decrease by an order of 
magnitude the time of labour inputs of such calculation, as 
well as pursue investigations related to changing 
parameters of attachment components. 

 

REFERENCES 
[1]. E.M. Kudryavtsev, M.A.Stepanov,” Building cranes. 

A part 1. Tower cranes. Bases of the theory, a design 
and calculation”: The Manual for high schools. - М: 
Publishing house ASV/ (Russia), (2016).  

 [2]. E.M. Kudryavtsev, “Building cars and the equipment” 
(with examples of calculations, including and on the 
computer): The Textbook. – М: Publishing house 
ASV. (Russia), (2012). 

[3]. E.M. Kudryavtsev, V.V.Stepanov,” Execution of final 
qualifying work on the computer”: the Manual for high 
schools. - М: The Publ. House “BASTET”. (Russia), 
(2013).  

[4]. E.M. Kudryavtsev, “CAD systems of the machine and 
the equipment”. The Textbook for high schools. M: 
Publishing house ASV. (Russia), (2013). 

[5]. E.M. Kudryavtsev, “The basis of the automated 
designing”:The textbook for high schools. М: 
Publishing centre "Academy". (Russia), (2011).  

[6]. Е.М. Kudryavtsev,” КОМPАS-3D V10. As much as 
possible full management”. In 2 volumes. М: DMK 
Press. (Russia),  (2008). 

[7]. E.M. Kudryavtsev, “Modeling, design and calculation 
of mechanical systems”. М: DMK Press, 2008.  - p. 
400. 

[8]. E.M. Kudryavtsev, “Practical work on КОМPАS-3D 
V8: Machine-building libraries”. M.: DMK Press. 
(Russia), (2007). 

[9]. E.M. Kudryavtsev, “Machine-building designing 
Mechanical Desktop”. M.: DМК Press. (Russia), 
(2006). 

 
 
 
 
 
 
 

 
 

 

A.6



IX International Conference “Heavy Machinery-HM 2017”, Zlatibor, 28 June – 1 July 2017, A.7-A.10 

*Corresponding author: Sumska str. 40, 61002 Kharkov, Ukraine, KSTUCA, dep. MBP, emeljanova-inga@rambler.ru

The Definition of Basic Parameters of the Set of Small-Sized Equipment 
for Preparation of Dry Mortar for Various Applications 
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Based on the conducted information retrieval and review of the scientific literature, unsolved issues have been 
identified in the process of preparation of dry construction mixtures in the conditions of a construction site. 

The constructions of existing technological complexes for the production of dry construction mixtures are 
considered and their main drawbacks are identified in terms of application in the conditions of the construction site. 

On the basis of the conducted research, the designs of technological sets of small-sized equipment for the 
preparation of dry construction mixtures in the construction site are proposed. It is found out that the basis for creating the 
proposed technological kits are new designs of concrete mixers operating in cascade mode. 

A technique for calculating the main parameters of technological sets of equipment is proposed, depending on the 
use of the base machine of the kit. 

Keywords: Set of small-sized equipment, A dry construction mix, A concrete mixer, A cascade regime, The motion 
trajectory of the mixture particles. 

1. INTRODUCTION
Modern dry building mixtures are complex 

compositions of components, different in their properties. 
Mixing these components together and creating a 
homogeneous mixture is a difficult task in a technical 
sense. Creation of effective equipment for these purposes 
is an urgent problem of modern construction. With its 
solution, special attention should be paid to the 
development of technological kits. 

At present, in the process of preparation of dry 
construction mixtures, there is a number of unresolved 
issues: increased wear of the working bodies and mixer 
bodies, long time for the preparation of complex 
compositions, the presence of segregation during the 
mixture preparation and the complexity of preparing the 
mixtures directly at the construction site [1 - 4] . 

At present, technological complexes, which have 
the ability to produce mixtures of different types, are used 
for the preparation of dry construction mixtures [5 - 7]. 

The complexes are equipped with high-quality 
dosing devices and forced-action mixers with one or two 
shafts, on which various stirring devices are fixed [3, 9]. 
However, modern concrete mixers do not always allow to 
produce homogeneous mixtures with a small filling factor 
of the working volume of the machine. In addition, 
existing mixers do not allow to create a single organized 
work cycle in one place. From these positions, 
technological kits that allow to combine all operations in 
time are more attractive.  

In addition, the variety of existing equipment, as 
well as technological lines and kits, is not aimed at solving 
the problem of making dry construction mixtures directly 
on the construction site.  

Creation of effective small-sized equipment for the 
preparation of dry mixtures is an urgent task.  

a) 

b) 

c) 
Figure 1: Technological sets of equipment for the 

preparation of dry building mixtures: 
A) the base machine is a three-shaft mixer; B) the basic

machine is a mixer of gravitational-forced action; C) basic 
machine - two-rotor turbulent mixer 
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The results of laboratory and industrial tests of new 
design mixers operating in a cascade mode, confirm their 
effectiveness in the preparation of dry building mixtures, 
which makes it possible to equip these machines with 
technological kits and complexes [8]. 

Main material and results. It is proposed to develop 
and introduce small-size sets of equipment for the 
preparation of dry construction mixtures on the basis of 
new mixers operating in a cascade mode in the production 
of small amounts of work (with individual low-rise 
construction, construction in the agricultural sector, repair 
and reconstruction of existing buildings). Technological 
equipment kits are shown in Figure 1. All equipment of 
these technological kits is based on a common base and is 
selected according to the performance of the base 
machine-mixer. 

The technological set of equipment, presented in 
Figure 1, includes the following components: 1 - mixer 
(basic machine); 2 - filling machine 3 - sand bunker; 4 - 
silo of cement; 5 - weighing batcher; 6 - fiber cutter; 7 - 
auger feeder; 8 - bunker of granite grains; 9 - filler hopper 

The basic machines of the technological set (Fig. 1) 
can be concrete mixers of a new constructive solution: a 
three-shaft concrete mixer, gravity-forced concrete mixer, 
a two-side turbulent mixer [5]. A feature of the work of 
these machines is the creation of a complex multi-path 
motion of the particles of the mixture in the body of the 
machine [9]. The adjacent equipment of the technological 
set is unified and has a traditional design solution. 

The productivity of a technological equipment set  
is determined on the basis of the technical performance of 
the base machine used in the composition of the 
technological set.The productivity of the technological set 
with the use of a three-shaft concrete mixer is found 
according to the dependence [10] 

ΙΙ⋅⋅⋅⋅⋅⋅−⋅⋅= в
ср
злтех ккSinznbdDП απ )(

4
3600 22

     (1) 
where are: 

 D - is the diameter of the shaft along the end of the 
blade, m; 

d - is the diameter of the average shaft, m; 
b - blade width, m; 
Zл - number of blades of the middle shaft; 
α - is the angle of installation of the blades, deg; 
Кзср - load factor of the mixer relative to the 

average shaft, Кзср = 0,75; 
n - frequency of rotation of the shaft of the working 

element; 
Kв

II - coefficient of return of the concrete mixture 
of the second zone. 

Determination of the technical productivity of the 
equipment set, which includes a concrete mixer of 
gravitational-forced action, is defined as 

        Ц22221111нн
2

н

2
в

2
ккЦ.общтех

Z]chbzchbzzlr

)rkR(L[
2
1ZVП

⋅⋅⋅⋅−⋅⋅⋅−⋅⋅⋅−

−−⋅⋅=⋅=

π

π

       (2) 

(
2) 

where are: 
 Vобщ - is the total volume of the mixture in the 

mixer, m3; 
ЦЦ tZ /3600=  

- number of cycles of machine 
operation per hour (tц - is the duration of one cycle, which 
consists of the sum of time for loading components t1, 

mixing them t2 and unloading the finished mixture t3        
(tц = t1 + t2 + t3), с);  

Lк - length of the mixer body, m; 
Rк - is the radius of the mixer body, m; 
k - is a coefficient that takes into account the 

position of the mixture in the body; 
Rn, ln, zn, rв - radius, length, number of legs of shaft 

blades and shaft radius, m; 
b1, b2, h1, h2, с1, с2 - length, height and thickness of 

blades of the body and blades of the mixer shaft, m. 
The productivity of the technological set when 

using a two-rotor turbulent mixer is found according to the 
dependence 

мЦобщтех kZVП ⋅⋅= . ,    (3) 
where are: 

 общV  - the total volume of the mixture in the mixer, 
m3; 

ЦЦ tZ /3600=  – number of cycles of machine 
operation per hour (tц is the duration of one cycle, which 
consists of the sum of the time for loading components t1, 
mixing them t2 and unloading the finished mixture t3           
(tц = t1 + t2 + t3), c); 

Km is the machine utilization factor (0.85). 
In this case, the feeding of the components of the 

concrete mixture into the mixer will be as follows: 

∫ −=
t

выхвх dtQxQxM
0

)(                 (4) 

where are: 
 М – total mass of components; 
t – the time interval for loading all components; 

вхQх  – the flow of the components of the mixture 
upon leaving the storage bin; 

выхQх  – the flow of the components of the mixture 
as it leaves the feeder. 

The ratio of the total mass of M components to the 
entire working volume of mixer V is as follows where: M -  
is the total mass of the components; t- is the time interval 
for loading all components;

вхQх  - the flow of the 
components of the mixture as it exits the storage hopper; 

выхQх - the flow of the components of the mixture when 
leaving the feeder. 

The ratio of the total mass of M components to the 
entire working volume of mixer V is as follows: 

∫ −=∆=
t

выхвх dtxx
V
Qx

V
M

0

)(
,                    (5) 

where are: выхx , x  – respectively, the content of the 
components at the inlet, outlet and inside the mixer and 
Q - the capacity of the mixer under steady operating 
conditions. 

Among the main performance indicators of a small-
sized technological set of equipment for the preparation of 
a building mixture, it is worth mentioning the power costs. 
The power costs for the operation of a technological 
equipment set intended for the preparation of fiber-
concrete mixtures consist of the sum of the power costs of 
the individual types of equipment that are included in the 
kit (Figure 1, c): the machine-tool of the fiber, the base 
machine (concrete mixer), feeders and dispensers.  
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Thus, the dependence for determining the power of 
the technological set of equipment has the form [7] 

дПрмбТКО NNNNN +++= . ,                      (6) 
where are: 

 
ТКОN  – Total costs of power for the operation of 

the technological set of equipment, kW; 
мбN .

 – power costs of the base machine, kW; 
 

рN  – power consumption of a fiber cutter, kW; 

ПN  – power consumption of feeders, kW; 

дN  – power consumption of dispensers, kW. 
Taking into account the design features of the base 

machine of the three-shaft concrete mixer (Figure 1), when 
working on dry building mixtures, Nткo should be defined 
as for a three-shaft mixer Nб.м, taking into account the 
operation of the machine on dry building mixtures 

η⋅
++

=
1000

321 NNNNбм
,    (7) 

where are: 
 N1 – the power used to mix the components of the 

mixture with the upper shaft; 
N2 – the power used to mix the components of the 

concrete mix and transport it to the discharge port by the 
middle shaft; 

N3 – the power used to mix the components of the 
mixture by the lower shaft; 

η – the efficiency of the mixer drive. 
//

1
/

11 NNN += ,                              (8) 
where are: 

   N1
/ – the power expended on the mixing process in 

the first zone, 
N1

// – power costs for the mixing process in the 
second zone 

1
22

1
/

1 )( ρω ⋅⋅⋅−⋅⋅⋅⋅= Ι в
лл з

кZrRfCFN ,          (9) 
where are: 

 ω – angular velocity of the shaft, s-1;  
Fл – Blade area, m2;  
С1 – coefficient of resistance to movement of 

particles of dry concrete mixture along the blades in the 
first zone, С1 = 9; 

ƒ – coefficient of friction of the dry mixture over 
the surface of the blades, ƒ  = 0,4; 

R – outer radius of rotation of the blade, m; 
r – internal radius of rotation of the blade, m; 
ZI

л – number of blades on the upper shaft in the first 
zone; 

кзв – load factor of the concrete mixer relative to the 
upper shaft; 

ρ1 – average density of dry mix, kg / m3. 
 

    2
22/

2
//

1 )( ρω ⋅⋅⋅−⋅⋅⋅⋅= ΙΙ
з

в
лл кZrRfCFN  ,   (10) 

where are: 
 С2 – Coefficient of resistance to movement of 

particles of the dry mixture along the blades in the second 
zone, C2 = 7; 

ƒ/ – coefficient of friction of the mixture along the 
blade surface, ƒ/ = 0,1..0,2;  

ZII
л – number of blades on the upper shaft in the 

first zone. 

After the transformations, the dependence for 
determining the power costs by the upper shaft of the 
mixer has the form 

( )( )[ ] /
л

/
2л1з

22
л1 ZfСZfСкrRFN ⋅⋅+⋅⋅⋅⋅⋅⋅⋅⋅= ρω    .(11) 

The power expended on mixing the components of 
a concrete mix and its transportation to the discharge port 
by an average shaft 

//
2

/
23 NNN += ,                           (12) 

where are: N2
/ – the power expended on the process of 

mixing the components of the dry construction mixture in 
the first zone on the process of mixing the components of 
the mixture and transporting it to the second zone; N2

// – 
power expended in the second zone of the mixer. 

шc RWgmN ⋅⋅⋅⋅= ω/
2 ,                         (13) 

where are: mс – mass of the components of the mixture in 
the auger zone, kg;W – Drag coefficient (when the body 
moves in hostile environments W = 4); ω – Angular speed 
of rotation of the shaft, s; Rш – Radius of screw, m; and g – 
acceleration of gravity 

2
22/

2
//
2 )( ρω ⋅⋅⋅−⋅⋅⋅⋅= ΙΙ ср

злл кZrRfCFN ,     (14) 
where is: 

 Zл
II – number of blades on the middle shaft in the 

second zone. 
The power required to mix the components of the 

mixture with the lower shaft 
 

//
3

/
33 NNN += ,                           (15) 

where are: 
 N3

/ – power expended on the process of mixing in 
the first zone; 

N3
// – the power expended on the mixing process in 

the second zone of the mixer; 
N3

/ и N3
//  – are determined by analogy with the 

upper shaft. 
For a gravity-forced-action mixer [5] мбN .

, spent on 
the process of preparing a dry construction mix, consists of 
the power required to rotate the mixer body and the power 
required to rotate the blade shaft 

Nбм. = NК + NВ, кВт, 
where is: NK - power required to rotate the body of the 
mixer, 

10001000
850 121

⋅
⋅⋅

+
⋅

⋅⋅⋅⋅
=+=

к

абс.ктр.к

к

ксм)(
К

)(
Кк η

zVF
η

ωZhG,N  N N
,   (16) 

where are: 
           Gсм – weight of the components of the mixture, H; 

h – vertical coordinate of mass mixture 
displacement in the body, m; 

Z – number of mixes circulating in the body of the 
machine; 

ωк – angular speed of rotation of the mixer             
body, s-1; 

η к – efficiency of the housing drive; 

ктрF .
 – the frictional force arising when the particles 

of the mixture move along the surface of the blade of the 
mixer body, H; 

кабсV .
 – absolute velocity of the mixture particles 

along the body blades, m / s .; 
z2 – number of blades on the inner surface of the 

body. 
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The power required to operate the paddle shaft 
during mixing of the components of the mixture, 
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     (17) 
where are:  ωв – angular speed of rotation of the mixer's 
blade shaft, s-1; Мв – torque of the blade shaft, Н·m;η в – 

efficiency of shaft drive; втрF .  – the friction force that 
occurs when a particle of a concrete mix moves along the 
blade surface, H; вабсV .  – absolute velocity of the mixture 
particle along the shaft blade, m / s; z2 – number of blades 
on the shaft. 

When installing a two-rotor turbulent mixer 
1... )( ρβω ⋅⋅⋅⋅−⋅⋅⋅⋅= злсмлормб кZCosrRfqFN ,   (18) 

where are: 
           ωр.о – angular speed of rotation of the mixer's blade 
shaft, s-1;  

Fл – the area of the blade, m2; 
qсм – pressure on the blade on the mixture side, Pa; 
ƒ = 0,4;  
R – outer radius of blade rotation, m; 
r – internal radius of blade rotation, m; 
Zл – number of blades on the upper shaft in the first 

zone; 
кз – load factor of the concrete mixer; 
ρ1 – average density of dry mix, kg / m3; 
β – blade angle. 
Thus, the proposed technological kits of small-

sized equipment can be successfully used to work directly 
on the construction site. 

 

2. CONCLUSIONS 
1. Technological sets of small-sized equipment of a 

new configuration and a new design solution are proposed 
to perform small volumes of work in the conditions of a 
construction site. 

2. Dependencies are given allowing to determine 
the performance indicators of new technological 
equipment sets for the preparation of dry building mixtures 
in the construction site. 
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For the manufacture of reinforced concrete shells, it is proposed to use a self-supporting skeleton consisting of a 

spatial curvilinear reinforcement skeleton and non-removable liners of hollow-core, made of polystyrene or mineral wool, 
which serve as a permanent formwork. 

Schematic diagrams of a non-piston universal concrete pump and a truck mixer of gravitational-forced action with 
hydraulic control are presented. Technological schemes of work are given. The obtained dependences for the 
determination of the range and height of the concrete mixture supply by the hoseless piston-type concrete pumps are 
provided. 

 
Keywords: Reinforced concrete shell, Universal hose concrete pump, Three-shaft concrete mixer, Truck mixer, Wet 
shotcrete, Shotcrete nozzle  
 

  

1. INTRODUCTION 
As the experience of reusable use has shown at 

construction sites of different purposes, technological sets 
of small-sized universal equipment that include new 
machines patented in Ukraine operate effectively. These 
are, first of all, mortar-concrete pumps of various design 
solutions, concrete mixers operating in a cascade mode 
and shotcrete nozzles with annular nozzles [1, 2]. 

It is of interest to use such kits for formless 
concreting directly on the construction site. For the 
manufacture of reinforced concrete shells, it is proposed to 
use a self-supporting skeleton, including a spatial 
curvilinear reinforcing skeleton and non-extractable liner-
void-formers made of polystyrene or mineral wool (inner 
non-removable formwork) that form the predetermined 
geometry of the structure and are a screen for spraying on 
both sides of the wet concrete spraying of 
concrete mixture with synthetic fibers [3]. Due to the use 
of the spatial design of the reinforcing cage, consisting of 
the outer shells and the system of flat ribs connecting 
them, the necessary stiffness and load-carrying capacity of 
the frame for applying the shotcrete-concrete coating is 
provided. 

Manufacture of reinforced concrete shells  
(Figure 1) was performed in the landfill conditions using 
the following equipment set: mobile compressor unit → 
two-piston mortar pump with poppet valves → gravity 
concrete mixer → shot-nozzle with ring nozzle → rubber 
hoses d1 = 50 mm and d2 = 32 mm. Hose in diameter 32 
mm was used to feed additional compressed air flow in the 
annular nozzle of gunning nozzle. Shells are made with the 
mobility of the mixture P = 6 ... 8 cm and the following 
consumption of constituents per 1 m3 of concrete of class 
C30 ... C35: cement PC 500 – 300 t, crushed stone fraction 

5 ... 10 mm – 250 kg, crushed stone fraction 2 ... 5 mm – 
875 kg, sand – 875 kg, water – 150 kg, supplement 
"Adminol-Rapid" – 3 kg, basalt fiber with the length of the 
elements lf = 12 mm (F% – 0.1).  

Concreting by the wet shotcrete was carried out 
with the following technological parameters: working 
pressure p = 0,6 MPa, compressed air consumption for 
supply of concrete mix with a nozzle  
q1 = 7 m3/min, additional supply of compressed air 
through the ring nozzle q2 = 2 m3/min, spraying speed of 
fiber-reinforced concrete mixture on the shotcrete surface 
of the shell Vabr = 55 ... 60 m/s. 

Subsequent tests showed that reinforced concrete 
casings of lightweight construction, whose weight is  
40 ... 50 % less compared to solid structures, due to the use 
of non-extractable liners – polystyrene concrete hollow-
outers, which have all the necessary characteristics of 
strength and rigidity of load-bearing elements of buildings 
and structures from monolithic reinforced concrete. Such 
reinforced concrete casings open up fundamentally new 
opportunities in the off-the-shelf monolithic construction 
with the use of new equipment and vibration less 
sealing of the mixture by the wet-shotcrete method [4]. 

Currently, in addition to proven equipment in the 
technology used, new machines have been developed that 
should improve the efficiency of the work performed. It is 
a universal non-piston hose concrete pump [5] (Figure 2) 
and a truck mixer of gravitational-forced action (Figure 3). 

The universality of this concrete pump is ensured 
by the ability to work on hoses dh = 32 ... 75 mm with a 
wide range of performance and smoothly changing 
operating conditions due to the use of a hydraulic drive. 
The technological scheme of the formless concreteless 
using a universal hose concrete pump with a three-shaft 
concrete mixer is shown in Figure 4. 
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Figure 1: The process of wet gunned shells with a working nozzle with a ring nozzle (a) and a finished reinforced concrete 
shell (b) 

 
 

 
 

 
 
 
 
 
 

          Figure 2: Scheme of a non-piston universal hose concrete pump of a new design with a hydraulic drive 
1 – frame; 2 – pump housing; 3 – the cover of the case; 4 – rotor with rollers; 5 – flexible hose; 6 – the hydraulic motor; 

7 – coupling; 8 – the hydrocylinder; 9 – conical tip, 10 – hydraulic distribution unit 
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Figure 3: Scheme of a truck mixer with hydraulic drive 
1 – self-propelled chassis; 2 – hydromotor-reducer, drive of the drum; 3 – the drum; 4 – hydromotor-reducer, shaft drive;  
5 – mixing shaft; 6 – feed hopper; 7 – the discharge tray; 8 – a tank with water;9 – additional section of the discharge tray 

 
 

Figure 4: Technological scheme of works by the wet shotcrete method directly on the construction site 
1 – bunker with sand; 2 – bunker with rubble; 3 – bunker with cement; 4 – water tank; 5 – belt feeder; 6 – three-shaft 
concrete mixer; 7 – a machine-cutter of a fiber; 8 – universal hose concrete pump; 9 – the compressor; 10 – shotcrete 
nozzle; 11 – shotcrete shells; 12 – truck for transportation of materials; A – the area of shotcrete works; B – concrete 
mixing unit  
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The delivery distance of the concrete mix when 
using the technological scheme with a universal hose 
concrete pump (Figure 4) is determined according to the 
dependencies: 

– horizontally

The results of laboratory and industrial tests of new 
design mixers operating in a cascade mode, confirm their 
effectiveness in the preparation of dry building mixtures, 
which makes it possible to equip these machines with 
technological kits and complexes [8]. 

,        (1) 

where are: 
– is the diameter of the pipeline through which

the concrete mixture is transported; 
Δp – pressure drop at the ends of the pipeline; 

– coefficient of resistance to movement of the
concrete mixture through the pipeline; 

– the average density of the mixture that is
transported through the pipeline; 

– average speed of transportation of a concrete
mix through the pipeline; 

– vertically

, (2) 

where are: 
           μ – is the dynamic viscosity of the concrete 
mixture; 

– radius of the pipeline;
– technical performance of a concrete pump;

– is the ultimate shear stress;
– acceleration of gravity.

Table 1 shows the relationship of the parameters of 
the concrete mix with the performance of the universal 
hose concrete pump and the pressure drop at the ends of 
the transport pipeline.Technological scheme of the 
formless concreting in the construction site using an auto 
concrete pump with a manipulator is shown in Figure 5.  

The use of the truck mixer of gravity-forced action 
in the technological scheme with a universal hose auto 
concrete pump allows using the technological set for work, 
both mobile and inactive concrete mixes. 

Thus, the availability of newly developed new 
machines in technological schemes extends the capabilities 
of technological kits and, in some cases, allows them to be 
used more efficiently than existing equipment. 
For the advantageous sides of the proposed new 
construction of the universal hose concrete pump, the 
working hose is smoothly loaded, which should ensure a 
longer working life of the new machine compared to the 
current ones. This will accordingly positively affect the 
operation of the entire set of equipment as a whole, which 
is confirmed by the calculation of the operating cycles of 
the existing and proposed hose concrete pump (Figure 2): 

Table 1: Parameters for feeding concrete mix with 
universal hose concrete pump 

L 
(m) 

H 
(m) 

5 2,75 1×104 6,4×104 7,6×104 
10 5,49 8,764×105 1,797×106 2,676×106 
15 8,25 1,165×106 2,375×106 3,543×106 
20 10,99 1,31×106 2,663×106 3,976×106 
25 13,75 1,396×106 2,837×106 4,236×106 
30 16,49 1,454×106 2,952×106 4,409×106 
35 19,24 1,495×106 3,035×106 4,533×106 
40 21,99 1,526×106 3,097×106 4,626×106 
45 24,74 1,547×106 3,145×106 4,698×106 
50 27,49 1,57×106 3,183×106 4,756×106 
55 30,24 1,585×106 3,215×106 4,803×106 
60 32,99 1,599×106 3,241×106 4,843×106 
65 35,74 1,61×106 3,263×106 4,876×106 
70 38,49 1,619×106 3,282×106 4,905×106 
75 41,24 1,627×106 3,299×106 4,929×106 
80 43,99 1,635×106 3,313×106 4,951×106 
85 46,73 1,641×106 3,326×106 4,97×106 
90 49,48 1,647×106 3,337×106 4,987×106 
95 52,23 1,652×106 3,348×106 5,002×106 

100 54,98 1,656×106 3,353×106 5,016×106 
110 60,48 – – 5,04×106 
120 65,98 – – 5,059×106 

,  (3) 

where are: 
           T – is the time of non-recyclable work of the hose 
concrete pump under consideration with hydraulic drive; 

Кн – factor of reliability of work of a hose concrete 
pump (Кн1 – offered, Кн2 – operating). 

The service life of a new concrete pump is 25% 
higher than the life of a watch in modern hose concrete 
pumps. 

2. CONCLUSIONS

1. The possibility of manufacturing ferro-concrete
shells of cylindrical and spherical shape is shown in the 
conditions of a construction site with the help of 
equipment by the wet shotcrete method. 

2. The basic schemes of the proposed hydraulic
machines for use in technological kits are presented: the 
truck-concrete pump hose-free with the manipulator and 
the truck mixer of the gravitational-forced action. 

3. Technological schemes of work with new
machines are presented. 

4. The obtained dependences for the determination
of the delivery distance of a concrete mixture with the help 
of new technological sets of equipment are given. 

5. Dependences have been found to determine the
number of operating cycles of process equipment. The 
service life of the new concrete pump, and, consequently, 
of the whole kit, is  25% higher than that of the operating 
machines. 
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Figure 5: Technological scheme of carrying out works by the method of wet shotcrete using a manipulator 
1 – truck mixer; 2 – autoconcrete pump; 3 – universal hose concrete pump; 4 – boom of a truck mixer; 5 – shotcrete 
nozzle; 6 – shotcrete casings  
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The theoretical substantiation of the possibility of creating bulk molding Vibration Machines with highly effective 
parameters of energy intensity and material consumption for various conditions for the formation of concrete and 
reinforced concrete products is given in the paper. This is due to the creation and rational use of the regularities of 
changes in the internal (elastic-inertial and dissipative) properties of the "machine-environment" system in the regime, 
which is approximate to the mode of its free oscillations. 

A theory is proposed for the interaction between the working parts of vibration machines and media to be processed, 
which, on the basis of an estimate of the stress state of the medium in the contact zone, makes it possible to determine the 
effect of the medium being processed on the dynamics of the machine working parts. 

The principles of creation of volumetric forming machines with highly effective parameters for energy intensity and 
material consumption are proposed. 

Keywords: Stress-strain state of metal constructions, Diagnostic systems, Vibration frequency, Vibration amplitude, 
Dynamic loading

1. INTRODUCTION
The modern development of construction in 

Ukraine puts forward new requirements for equipment that 
would ensure high reliability, performance, and a range of 
economic and ergonomic requirements. To a large extent 
this applies to steel structures construction vehicles and 
equipment, demand for which is growing every year. The 
solution of this problem lies in the direction of improving 
the design, the identification of the potential of existing 
structures, improving their productivity and efficiency, the 
development of diagnostic systems. 

Metal construction machines of various 
technological purpose in the operation accept both static 
and dynamic loads and tend to work in the mode of 
alternating load, the effectiveness of such cars due to 
software defined technology modes and parameters impact 
on the processed material, which can be realized by careful 
selection of mathematical calculation models that 
adequately reflect the actual motion of the system. 

Modern machinery provides a solution to a number 
of issues that are caused by factors of a different nature. 
The main factor influencing the implementation of 
projects of construction of new machines are purpose 
requirements of today's market and directly to consumers 
of such technology. 

Over time, the appearance of new construction 
materials and technologies for their manufacture and 
processing, the vector of development of engineering 
change its direction. Undoubtedly, the design requirements 
of modern machines and high stiff enough, but the 
fundamental concepts of what the machine has to be 
changed somewhat. That is, when it comes to modern 
technological machine, is to identify the main issues to be 
addressed [1, 2]: a low power consumption of the 
implementation process with a high quality;  

low consumption of materials; high reliability; certain 
durability; low manufacturing cost. 

In carrying out theoretical studies [1-3], as well as 
practical implementation [1-5], it began the scientific 
study of the problem: the development of the most 
effective and reliable construction machines for different 
loads, provided by the establishment and management of 
changes in domestic laws (elastic and dissipative) 
properties of the system "vehicle - environment". 

In recent years, development and creation of 
construction machines of various technological purpose 
being to find ways of constructive solutions with a 
variable. 

In operation of such machines is assumed 
maximum utilization of internal resources to the machine 
in turn makes it necessary to ensure durability and 
reliability with desired dynamic parameters. Production of 
such a problem is to determine the intensity of the 
structural elements of the machine and the assessment of 
their stress-strain state. 

In the case of dynamic performance on metal 
structure as a linear elastic body, equation of motion has 
the form:  

 (1) 
where  - density material. Given the viscous 

properties then replace in (1) the operator:                   

    (2) 
where is k- viscosity. 

Equation (2) as such remains unchanged. 
We introduce notation for the wave propagation 

velocity of the reference circle.  

         (3) 
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For the case when the force F (t) is common and 
operates along the axis OХ1 (at the beginning of the 
coordinate system) 

 (4) 

(5) 

(6) 

If the force acts along the axis OХ2, then you have 
to replace the index: 

If the force acts along the axis OX 3, then you have 
to replace the index: 

For the plane problem (x3 = 0); for one-
dimensional problems: (x1 ≠ 0; x2 = x3 = 0). 

So, as a result of dependencies are as follows: using 
Cauchy relations, Hooke's law and relations that bind 
Lame elastic constants of Young's modulus, shear 
modulus and Poisson's ratio is decisive for calculating the 
stress-strain state of stresses in reference circle of 
application solutions in the form of third-rank tensor: 

In this case, the right kind of movement will be: 
, 

. 

Design model frame with outriggers shown in 
Figure 1a as well. Design model adopted in the form of 
construction consisting of rods rigidly interconnected the 
nodes. Units conventionally shown as small circles 
numbered in Arabic numerals. Serial number of the rod 
(item) affixed in a circle. Each rod section is now with 
geometrical characteristics. Design model building on a 
line connecting the centers of gravity of cross sections of 
rods. 

Design model is in rectangular coordinates X, Y, Z 
(general coordinate system). The result of the calculation 
of finite element of this design is shown in Figure 1 b. 

The correctness of the results of mathematical 
modeling to a greater extent depends on the mechanical 
properties of structural materials and the study of complex 
work units bearing structural elements. Test procedures for 
mechanical characteristics of the static effect is to create a 
load on the test sample in order to create in it a certain 
kind of stress (tension, compression, shear). Thus a tensile 
test determined the basic mechanical characteristics not 
only of constructional materials, and their connection to 
each other (Figure 2a). Quite often undergo static tests not 
only the individual samples of the materials, but entire 
units (Figure 2b) future construction in order to study their 
stress-strain state and evaluation of stiffness. 

Integral assessment of the metal structures of the 
finished product can be made on the basis of the dynamic 
tests. The idea of testing is to find the actual dynamic 
characteristics of the structure (natural vibration 
frequency, vibration amplitude, etc.) and then comparing 
these characteristics with the characteristics obtained by 
mathematical simulation of the system design. The 
mathematical model must be created so that adequately 
describes the real structure and its behavior under various 
loads and the ability to reflect the simulations of various 
kinds of defects associated with the manufacture and 
operation of the immediate appointment. 

At the dynamic loads on structural elements 
inherent in most vehicles technological purpose, the main 
type of damage is the formation and development of 
cracks caused by the accumulation of stress fatigue. 

Durability destruction determined long cycles of 
stresses on the supporting structure of the machine and its 
individual elements, resulting in a crack gradually 
develops and leads to destruction. 

a)
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b) 
 Figure 1: Simulation of road construction cranes: 

a) - design scheme; b) - the result of the calculation.

a)      b) 

Figure 2: Test the structural elements of steel structures: 
a) The welded joint in tension; b) Test bracket.

Calculation and testing of individual elements of 
the design of the machine is not too difficult, although in 
some cases require a lot of material resources and time-
consuming. When it comes to more complex parts and 
assembly units of the accuracy of the analytical calculation 
is subject to doubts in terms of the rational use of 
materials, resulting in an increase in material consumption 
structure, and further the energy intensity of the whole 
technological process, which performs such a design. 

It is obvious that the solution of this problem lies in 
the integrated approach should combine analytical 
calculations, mathematical modeling and direct 
experimental studies. 

To implement this approach assumes the following 
sequence of research work: 

- analysis calculation of structural elements of the
machine in terms of for all types of loads that were made 
in the design of the machine; 

- the development of a computer model of the
object of study (general or individual most loaded 
components, structural elements); 

- determining a possible combination of loads
acting on the elements; 

- conduct additional simulations and calculations to
determine the behavior of structural elements and the 
whole machine while the action of various loads (if 
necessary); 

- verification of design decisions and the choice of
the most efficient, by modeling teamwork loads on 
computer models, evaluation and analysis of stress-strain 
state, identify the most stressful elements of the structure; 

- to develop a computer model of the matrix
control points limits the integral characteristics of the state 
of design for future use in field trials; 

- conducting full-scale and model (computer
experiments) by applying certain loads on the real sample 
and its model; 

- adjusting the computer model until the
comparison is integral characteristics obtained by 
measurements at control points during the experiment and 
the simulation will differ among themselves within the 
allowable error (the thus obtained computational model is 
adequate actual design within the points adequate - 
integral control points characteristics). 
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To construct a mathematical model can be used 
general purpose computational systems, which are based 
on numerous calculations and the fundamental laws of the 
theory of elasticity, plasticity, and the like. Recently, such 
settlement systems have been widely used in various 
industries, including mechanical engineering. The results 
of analysis of structures by numerical methods (eg finite 
element method) is a movement (deformation), effort 
(stress) at the nodes of the mesh design of the structure. 
Depending on the need for rational calculation accuracy, 
the number of nodes and finite elements, respectively, can 
be measured in hundreds and thousands. On the one hand 
the processing of the results of such calculations is time-
consuming, but allows at the design stage to obtain a 
general picture of the structural layout of the machine 
components and the improvement of its conduct in terms 
of the rational use of materials. In the case of upgrading an 
existing machine model of technological purpose, 
calculation model in this sector, will allow to analyze the 
technical level of the design and fulfill its forecasting 
reliability, and in conjunction with the implementation of 
the pilot studies to assess the current technical condition of 
the appearance of possible failures, and the like. 

2. CONCLUSIONS
1. The analysis methods of modeling and machine

indicates the need to consider the stress-strain state of the 
steel structures. 

2. Proposed methodology and test methods for
machines under static and dynamic loading, the way the 
software determines the load on the metal machine. 
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An analytical method for determining the influence of a process medium on the dynamics of the working bodies of 

vibrating machines is considered. The results of the research are presented, which made it possible to identify the zones of 
effective action of parameters and characteristics of the "machine - environment" system to ensure the high quality of the 
compaction process, which is based on the idea of purposeful use of the elastic characteristics of a common vibration 
system. 

The scientific idea is put forward, which consists in the fact that during the study of a particular process the 
mathematical model of the vibration system "machine-environment" should be determined on the basis of taking into 
account the internal structure of these subsystems as a single one, despite their different physical nature and structure. 

The theoretical substantiation of the possibility of creating bulk molding Vibration Machines with highly effective 
parameters of energy intensity and material consumption for various conditions for the formation of concrete and 
reinforced concrete products is given in the paper. This is due to the creation and rational use of the regularities of 
changes in the internal (elastic-inertial and dissipative) properties of the "machine-environment" system in the regime, 
which is approximate to the mode of its free oscillations 

Keywords: Vibration system, Vibrator, Vibration frequency, Vibration amplitude, Dynamic loading, Efficiency of 
the vibrating machine 
 

1. INTRODUCTION 

Vibrating machines are widely used in the 
construction industry to seal concrete mixtures and soil. 
The most effective of these are vibro-impact machines. 
This is due to the fact that during the impact of the impact 
in the working mixture there are large compressive stress 
(due to large accelerations), which cause deformation and, 
consequently, increase the density of the mixture. 
However, the degree of efficiency of these machines is 
largely determined by the magnitude of energy costs for 
the implementation of necessary workloads. Therefore, 
solving the problem of reducing energy consumption of 
vibration damping machines while preserving their high 
technological efficiency is an important scientific and 
practical task. 

Vibrating machines are widely used in various 
branches of the national economy to perform a significant 
range of technological processes. A common characteristic 
feature of this class of machines is the vibrational effect on 
the material being processed, as a result of which the 
material changes its properties, thus ensuring the 
corresponding technological process. 

Many studies devoted to the study of the vibration 
damaging systems are presented, which are the analysis 
and synthesis of mechanical vibration damaging systems. 
Concerning works devoted to the study of vibration 
damping machines for sealing concrete mixtures, it is 
possible to note that in these works the parameters of 
motion of such systems are determined, based on certain 
assumptions. The most general is the assumption of a 
"vibrating machine - processing environment" system in 
the form of a discrete model. The work of [1, 2] clarifies 
this model and proposes a method of transition from 

discrete continuum systems (discrete - machine, 
continuum - environment) to purely discrete ones taking 
into account wave phenomena in a concrete mixture. This 
approach makes it possible to significantly simplify the 
calculation scheme. The principle of transition of the most 
realistic scheme to the calculated (discrete) is given in [1] 
(Fig. 1). 

One of the main criteria of such systems is the 
impact energy in periodic motion, which determines the 
effectiveness of the regime. 

The purpose of the article is to study and establish 
effective zones of stability and assessment of the energy 
characteristics of the "vibrating machine - processing 
environment" system for the development of new 
progressive machines, taking into account the stress-strain 
state of the environment. 

Consider the existence condition of the stability of 
modes of the system with a separation from the elastic 
limiter of oscillations (Fig. 1, c) on the boundaries of 
linear sections in accordance with the work [2]: 
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 Figure 1: Calculation models of vibration systems :  
а – discrete-continuous, b – discrete (two mass), c – discrete (one mass) 

In the dependencies (1) the following symbols are 
adopted: c - the stiffness of the restrictor; 

0F
Qq = - the ratio 

of the weight of the vibrating machine ( mgQ = ) to the 
amplitude of the force 0F  of perturbation; ω - frequency 
of perturbation force; xτ - the duration of movement of the 
vibrator in contact with the elastic limiter of oscillations: 

;
ε
π

=τx ϕ  - the phase angle, which in the calculations is

assumed to provide a positive value at the 
boundaries ( )0, =τ∞=ε∞= xc , condition (1) gives the
value: 

1=q   (2) 

From (2) it follows that the upper and lower 
boundaries of regions of stable modes are combined. 

However, the stability of periodic regimes under 
absolutely rigid constraints of oscillations is determined by 
the ratio: 

∞≤≤ q1      (3) 

When comparing relations (2) and (3), it follows 
that the existence of stable periodic modes of motion of 
systems with elastic constraints (with stiffness) at the limit 
value does not pass into the condition of stability under the 
motion of the corresponding systems with the rendering of 
absolutely strict constraints. To eliminate this disparity, 
the consideration of shock interaction is the replacement of 
the elasticity and dissipation of the constraints by the 
shock pair, taking into account the length of the play. Such 
an approach allows to take into account the shock 
interaction in the vibration system by the pulse theorem 
and the recovery rate of the impact velocity. 
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Consider now the motion of the vibrator in the 
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By substituting the conditions (10) in equation (8), 
as well as the meaning ϕsin and ϕcos  through onmq  and 

max0y in accordance with formulas (8) and (10), we 

obtain dependences for determining R  and xτ : 
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Determine now the condition of existence and 
stability of periodic regimes. The scope of actual values is 
limited by the ratio: 

1
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For the real occurrence of periodic regimes, it is necessary 
to provide certain restrictions of system parameters and 
perturbations determined by the stability conditions of 
these regimes. For a system (Fig. 1, c), the boundary of 
stability regions of periodic regimes is determined by the 
equation: 

( ) ( ) ( ) ( )[ ] 0coscos121 2
0 =ϕ+ϕ+τ++τ−⋅π+±± RRqiRy xx  

Analysis of the results indicates the existence of 
several zones of stability (Fig. 2), which is important for 
determining the parameters of the vibration damaging 
system, which are known to be reduced to two mains [2]: 
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Figure 2: Stability map of vibro-impact machines  

 
To study the intensity of dynamic influence in work, 

the method of dynamic loop hysteresis is used. 
Expressions for areas of a hysteresis loop with various 
load laws are obtained. In the non-symmetric law in the 
stationary mode we have: 
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Dependences (15) are given for the stationary 
(established) mode of motion, that is, the energy W∆  
going on the densification of the unit volume of the 
mixture is constant. To estimate the energy required to 
compaction the mixture from the initial value of density to 
the required technology, expression (15) is represented as: 
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Where nt - the length of the technological process; 

0W∆ - area of the hysteresis loop at the initial moment of 

sealing the mixture; sK - coefficient characterizing 
changes in the area of the loop of hysteresis in the process 
of oscillations. 

On the basis of formulas (15) and (16) expressions 
for specific power and the coefficient of efficiency, which 
has the greatest value 

2
1=τK . A generalizing criterion 

for assessing the effectiveness of vibrational effects is 
presented, which, along with the contact stress and 
deformation velocity σ , takes into account the slope of 
the load wave profile: 
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Where ( )xГ - gamma function X ; 1εv - strain rate; 
n  - coefficient characterizing the steepness of the front. 
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The system in which the score (17) will be higher 
will be more effective. 

According to research results, the principles of the 
creation of new progressive vibrating machines for the 
building industry in the formation of multi-hollow slabs 
and foundation blocks have been developed. 

2. CONCLUSIONS
1. A theory is proposed for the interaction between

the working parts of vibration machines and media to be 
processed, which, on the basis of an estimate of the stress 
state of the medium in the contact zone, makes it possible 
to determine the effect of the medium being processed on 
the dynamics of the machine working parts. 

2. The principles of creation of volumetric forming
machines with highly effective parameters for energy 
intensity and material consumption are proposed. 

3. The zones of effective operation of the
parameters and characteristics of the machine-environment 
system are found to ensure the high quality of the sealing 
process, which is based on the idea of the purposeful use 
of elastic characteristics of the general vibration system, 

which, under all the same conditions, also results in the 
reduction of energy costs for some machines up to 50%. 

4. The analytical dependences are obtained for
estimating the energy of considering the interaction of the 
working organ and the medium on the basis of the use of 
the method of dynamic hysteresis loops. 
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Analysis of the vertical transport systems and machines means that we must form mathematical models with systems of 
differential and algebraic equations. During the exploitation one can encounter different types of vertical transport 
machines, from mining and contemporary passenger elevators with extreme heights and lifting velocities, to the classic 
elevators with relatively small parameter values which leads to the usage of different dynamic models and mathematical 
methods for their solving. The paper presents the issues with mechanical models of the vertical transport systems (elevators 
and the mining elevators) and numerical methods for formed mathematical models solving according to basic parameters 
of exploitation facilities in mines. Besides the features analyses and the convenience of applying certain mathematical 
methods, the paper also provides the overview of using specialized software for analysis of vertical transport machines. 

Keywords: Vertical transport systems, Elevators, Numerical methods
1. INTRODUCTION 

The claims set upon by the economy and 
contemporary society have caused the development and 
application of the vertical transport machines of specific 
characteristics, referring to the elevators implementation 
(Fig. 1a) and exploitation facilities in mines (Fig. 1b) with 
great lifting heights and velocities in high constructions 
and mines with underground exploitation.  

Today, we use plants with the velocity of 20 m/s, 
i.e. 72 km/h with the lifting heights up to 1000 m and the 
transport capacity of hundreds of tons in the domain of 
building construction and underground exploitation of the 
mineral resources. These devices have special emphasis in 
dynamic influences, which require selection to achieve the 
appropriate and reliable application. 

          
                  a)                        b) 

Figure 1: Scheme of the elevator (a) and exploitation 
facility in mines (b) 

Particular interest regarding systems of vertical 
transport as well as vertical lifting and lowering of people 
and loads has been dedicated to exploitation facilities in 
mines or, so called, mining elevators. 

2. MODELS OF VERTICAL TRANSPORT SYSTEMS  
The proper dynamic model for describing dynamic 

behavior of the device with a driving pulley is shown in Fig. 
2. The model represents a model of elevators and 
exploitation facility in mines with a “heavy” rope of a 
variable length. 

For the elevators with big lifting heights (to 2000 m 
and more) and velocity movements (to 20 m/s), apart from 
the weight of the rope’s free end, there is a significant 
change in the basic parameter of dynamic models – stiffness 
EA/L. Such model has to be applied with the modern 
elevators, and with the mining elevators in the analysis of 
dynamic behavior and the stability of the system’s 
movements. 

 
Figure 2: Dynamic model of vertical transport machines 

The model takes into account the influence of the 
rope free length variations on both the incoming and 
outgoing pulley side. The variations in rope free length 
(shortening or lengthening) directly affect the rope 
stiffness, and therefore also the dynamic behavior of the 
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rope, which is of significant importance in the systems 
with high lifting velocities. The influence of elastic rope 
slipping over the driving pulley is considered through the 
adequate boundary conditions. 

According to [5] and Fig. 2, on the basis of the 
equilibrium conditions for the elementary rope length and 
for the driving pulley, the following system of equations 
can be established: 

2 2
1 1

12 2

( , ) ( , )( , ) 1q u x t u x t aE A u x t b q
g t x t g

 ∂ ∂ ∂ ⋅ = ⋅ ⋅ ⋅ + ⋅ + ⋅ ±  ∂ ∂ ∂   
 (1) 

2 2
2 2

22 2

( , ) ( , )( , ) 1q u x t u x t aE A u x t b q
g t x t g

 ∂ ∂ ∂ ⋅ = ⋅ ⋅ ⋅ + ⋅ + ⋅ ±  ∂ ∂ ∂   
(2) 

[ ]1 1 2 2 1 1 2 2( , ) ( , ) ( , ) ( , )m r
R a iM E A u l t u l t u l t u l t J

i x tη η
 ∂ ∂ ⋅

= ⋅ ⋅ ⋅ − + − − ⋅ ⋅ ∂ ∂ 
 (3) 

where: 
u1, u2 - rope elastic deformations, m 
E - elasticity modulus, Pa 
b – damping parameter, Ns/m 
A - rope cross-section, m2

a - driving mechanism acceleration, ms-2

Mm - driving motor torque, Nm 
i - gear ratio, 
η - driving mechanism efficiency, 
Jr - moment of inertia of rotating masses, reduced to the 
pulley shaft, kgm2

R - driving pulley radius, m 
q - rope weight pro meter, Nm-1

For solving the system of partial differential 
equations, (1) and (2), it is necessary to define the 
appropriate boundary conditions which depend on the 
previously mentioned parameters of the facility. 

3. SUITABLE MODEL FOR THE DYNAMIC
ANALYSIS OF VERTICAL TRANSPORT MACHINES 

As it was mentioned before, the characteristic 
features of mine elevators are reflected in high lifting 
heights up to 2000 m and the velocity up to 20 m/s (max 
19,2 m/s), [4]. This paper deals with Koepe system 
because the experiments were performed on a mine 
elevator in RTB Bor mine (Serbia). The basic dynamic 
model for this system is shown in Fig. 2. Nevertheless, if 
one looks at the regular operation of the facility, without 
the slipping of the steel rope in a driving pulley, and if as 
the driving characteristic is accepted rope velocity at the 
moment of rope upcoming the pulley (measuring the 
velocity of the pulley), the model of the mine elevator can 
be represented in the form shown in Fig. 3. 

This model shows a system with longitudinal 
oscillations of a “heavy” steel rope with an infinite number 
of degrees of freedom (DOF), which is at one end wound 
onto a pulley at a velocity v(t), while it is loaded with a 
concentrated mass on the other end. Forming a 
representative model for the analysis of dynamic behavior 
implies simplification of the model so as to exclude the 
small influences of the “higher” order and to keep only the 
most influential (representative) parameters [8]. In the 
process of vibration due to the varied length of the rope, 
joint stiffness, as a parameter of dynamic model, is 
changing which implies the occurrence of oscillations and 
resonances. These types of devices must have the 
occurrence of resonances prevented. This leads to defining 
the critical velocity of lifting which includes unstable 

movements i.e. the increase of loads when the length of 
the rope is decreased, which this paper does not 
demonstrate. 

Figure 3: Oscillation of the constant length rope 

3.1. Reduction of the number of degrees of freedom 
In accordance with previous considerations, 

deformation of the arbitrary cross section is represented as 
a function of position x and time t, i.e.: 

( , )u f x t=  (4) 
By observing the balance of the elementary part 

(dx) it can be noted that:
2

2

( , )q dx u x t S q dxS S dx q dx a
g t x g
⋅ ∂ ∂ ⋅

⋅ = − + + + ⋅ ± ⋅
∂ ∂

(5) 

If the axial force S is described as a relative 
deformation function u xε = ∂ ∂ , for the case of damping 
oscillations: 

1S E A b
x t

ε∂ ∂ = ⋅ ⋅ ⋅ + ⋅ ⋅ ∂ ∂ 
 (6) 

and if the (5) is divided with q dx
g
⋅ , we get: 

2 2

2 2

( , ) ( , )( , )u x t g E A u x tu x t b g a
t q x t

∂ ⋅ ⋅ ∂ ∂ = ⋅ + ⋅ + − ∂ ∂ ∂ 
(7) 

Boundary condition for rope incoming point on the 
pulley without slipping, Fig. 3 (point C), is given in the 
form: 

1 1 1
1 1

0

( , )( , )
t u l t dlu l t dt

x dt
∂  = ⋅ ∂  ∫ (8) 

where: 
1l  - wound rope length, m 

1dl dt v=  - winding velocity, ms-1 
Boundary condition for the connection point of the 

rope with the elevator car or counterweight, when the 
friction forces between the sliding shoes and guiding rails 
are neglected, Fig. 3, is given as: 

2
1 1 1 1

1 1 2

( , ) ( , )( , ) u L t Q u L tQ E A u L t b a
x t g t

 ∂ ∂ ∂ = ⋅ ⋅ + ⋅ + ⋅ −  ∂ ∂ ∂   
(9) 

Partial differential equation (7) can be translated 
into the ordinary differential equations system by the 
variables separation method. Applying the method of 
particular integrals, e.g. [11], given as: 
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 ( , ) ( ) ( )u x t X x T t= ⋅  (10) 

If we take 2g E A c
q
⋅ ⋅

= , where (c) is the 

propagation velocity of the elastic wave throughout the 
rope, the (10) is differentiated in time and place, and it is 
inserted in the simplified (9), so we perform the separation 
of the variables, and we get that: 

 2
2 ( )

T X k
c T b T X

′′
= = −

+ ⋅





 (11) 

where (k) is the constant which is independent of time and 
position. That evolves into two common differential 
equations: 

 
2 2 2 2

2

0
0

T b k c T k c T
X k X
+ ⋅ ⋅ ⋅ + ⋅ ⋅ =

′′ + ⋅ =

 

 (12) 

A more detailed solving procedure of differential 
equations with boundary conditions is provided in [5]. The 
solution to the other equation defining the basic oscillation 
forms of specific harmonics is as follows: 

 ( ) sini i
x lX x A
L l

β −
= ⋅ ⋅

−
 (13) 

where we get a frequency equation in the form of: 
 tan( )i iβ β α⋅ =  (14) 
where: 

( )i k L lβ = ⋅ −  
( )q L l
Q

α ⋅ −
=  - represents the weight ratio between the 

rope’s free length and the car. 
For different ratios of the rope weight and the load 

it is possible to find the solutions for the transcendental 
equation (14) by using the calculation methods or 
graphically. It has an infinite number of roots, therefore 
the number of its own circular frequencies is indefinitely 
large. 

The limiting values for α (in the specific vertical 
transport system - mining elevator in RTB Bor mine) are 
given in Tab. 1. In the expression for α, total length of 
wire ropes (L) is 540 m, when the cage at the lower level 
(horizon), i.e. 29 m when the cage at the upper level (on 
the ground). The value of (l) represents the wound length 
of hoisting ropes. 

A small weight of the rope’s free length in 
comparison to the concentrated mass greatly simplifies the 
analysis of the dynamic behavior of vertical transport 
machines. 

Table 1: Boundary values for α 

α 
Cage position 

up down 

C
ag

e 
st

at
e empty 0.037 0.70 

loaded 0.022 0.41 

Due to the fact that oscillation amplitudes of higher 
harmonics are rather small, their influence can be 
neglected, so the whole oscillation process, represented in 
(7) with an infinite number of DOF, whose collective 
oscillation form is shown in Fig. 4 as a broken line (d), can 
be satisfactorily accurate if replaced with a straight line 
(a), i.e. a system with one DOF with a constant dilatation 
(ε) down the free end of the rope. 

 
Figure 4: The oscillations forms of the first three 

harmonics (a, b, and c) and the collective oscillation form 
for 𝛼𝛼 =0.1 

The most numerical procedures have considerable 
limitations when it comes to solving realistic dynamic 
problems of vertical transport systems, especially since 
there is a need for transforming the partial into ordinary 
differential equations with nonholonomic boundary 
conditions. After analyzing the parameters for the 
mathematical model which describes longitudinal 
oscillations in the machines for vertical transport, it can be 
concluded that they are equations of a hyperbolical type, 
which leads to the rest of the paper focusing on the 
methods and manners of solving partial differential 
equations of the hyperbolic type. 

3.2. Application of the finite difference method for solving 
of hyperbolic partial differential equations 

Numerical solution is desirable even in the cases 
when there is a finite solution, but it's very complicated. 
We should bear in mind that the numerical solution of a 
differential equation is obtained in a quantitative form so 
that the analytical expression for the function remains 
unknown. 

Numerical solving of a partial differential equation 
is generated in the form of a table of approximate values 
for the requested function u(x,y) for the equidistant values 
of independent variables. In order to explain it in the best 
way possible, we will show the numerical methods for 
solving the partial differential equations of the hyperbolic 
type, which are closely connected to the dynamic analyses 
of elevators and exploitation facilities, in mines especially. 

 Finite difference methods 
The finite difference method for numerical solving 

of partial differential equations comprises: 
− Discretization of the area (domain) of the independent 

variables, 
− Approximation of partial derivatives with finite 

differences, 
− Solving the resulting system of algebraic equations. 

That means that the inside points of the area (mesh) 
satisfy the differential equation, and the points on the 
boundary of the area (domain) satisfy the boundary 
conditions. 

The basic idea behind the finite difference method 
is in the replacement of derivatives of the considered 
function with their approximate values. In the realization 
of the idea we introduce points, i.e. mesh of nodes (hence 
the name – mesh method), where we look for the solution. 

To consider the specific cases, such as elevators 
and exploitation facilities in mines, we are going to take a 
look at the one-dimensional partial differential equation of 
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the hyperbolic type of the second order, which 
corresponds to the problem described by (7): 

2 2

2 2( , ) ( , )u ua x t f x t
t x

∂ ∂
− =

∂ ∂
(15) 

where ( , ) 0a x t >  for every x and 0t > . 
In the boundary area for the variable coordinate x 

(for instance a change in the length of the free rope end 
with the elevators where the total length is L) we define 
the boundary conditions: 

1

2

(0, ) ( )
    za  0

( , ) ( )
u t g t

t
u L t g t

=
> =

 (16) 

And also the initial conditions: 
{ }

{ }

0

0
( , 0)

( ,0) ( ),  0,

( ),  0,
x t

u x u x x L

u v x x L
t =

= ∈

∂
= ∈

∂

 (17) 

In which the second condition is known as the so-called 
Cauchy's condition. 

If we introduce the 2( , )a x t c= , in which c 
represents the positive constant, then the general 
(analytical) solution for (15) is given in the form of: 

0
( ) ( ) 1( , ) ( )

2 2

x ct

x ct

f x ct f x ctu x t v x dx
c

+

−

+ + −
= + ∫  (18) 

For the sake of a more comprehensible explanation 
we will introduce signs N and K, representing the number 
of points in the spatial coordinate x and the number of 
points (divisions) per time coordinate t. For that reason the 
function ( , )u x t  changes into the form of k

nu  By 
introducing the extra signs: 

n
Lx n
N

= ⋅ , k
Tt k
K

= ⋅ (19) 

where: 
0 n N≤ ≤ , 0 k K≤ ≤  
L  - total spatial coordinate (length), 
T  - total (final) integration time, 

And then the boundary and initial conditions become: 

0 1

2

( )
    0

( )

k
k

k
N k

u g t
k K

u g t

 = ≤ ≤
=

(20) 

0
0

0
,0

( )
   0

( )

n n

n
n

u u x
n Nu v x

t

 =
 ≤ ≤∂ = ∂

(21) 

By using the central difference theory and by 
replacing the suitable derivatives in time and place 
coordinate x, it can be written that, [10]: 

1 12

2 2

1 1 1 1 1 12
1 1 1 1

2 2 2

2

2 21
2

k k k
n n n

k k k k k k
n n n n n n

u u uu
t t

u u u u u uu
x x x

+ −

+ + + − − −
+ − + −

− +∂
=

∂ ∆
 − + − +∂

= + ∂ ∆ ∆ 

(22) 

where: 
t T K∆ =  and x L N∆ = . 

By introducing the sign (abbreviation) 
2

2

t
x

λ ∆
=
∆

, we get 

the system for (N-1) equations as a replacement for the 
partial differential equation in the area from (k+1) points 
per time. In order to solve the system, we have to know the 
field at the (k+1) point. 

( ) ( ) ( )1 1 1 1 1 1 2 1 1 1 1 1 1 1 1
1 1 1 1 1

1 1 11 2 1
2 2 2 2 2

k k k k k k k k k k k k k k k
n n n n n n n n n n n n n n na u a u a u t f f u a u a u a uλ λλ λ λ λ+ + + + + + + − − − − − − −

− + + − +
 − + + − = ∆ + + − − − +  

 (23) 

According to (23), in order to reach the solution, 
we also have to know the field (values) in (k-1) points. 
This is enabled by the initial conditions (21). Using the 
development in Taylor's order per t we get: 

2
1 2

2
1 1

1
2

k k
n n

k k

u uu u t t
t t

−

− −

∂ ∂
= + ∆ + ∆

∂ ∂
(24) 

All that is needed is to determine the 1
nu , in which 

we write the following according to (15): 

( ) ( )

1 0 0 0 2

0 0 0 0
1 1

1
2

1 2   za 1 1
2

n n n n

n n n n

u u v t f t

a u u u n Nλ + −

= + ∆ + ∆ +

+ − + ≤ ≤ −
(25) 

By taking into consideration a special case 
(homogenous differential equation where ( , ) 0f x t =  and 

using the already mentioned positive constant 2( , )a x t c= , 
we get a simple system of algebra equations: 

( )

( )

1 1 1
1 1

1 1 1
1 1

1 11
2 2

1 12 1
2 2

k k k
n n n

k k k k
n n n n

u u u

u u u u

α α α

α α α

+ + +
+ −

− − −
+ −

+ − − =

= + − + +
(26) 

where: 
2

2
2

tc
x

α ∆
=

∆
Equation (26) represents an excellent form and 

basis for solving such problems in a numerical way in 
contemporary software tools, such as MATLAB, Mathcad, 
Mathematica and so on. 

Primarily, this can be concluded by conveying it to 
its matrix form. The example given is for 5N = : 

( )

( )

( )

( )

( )

( )

( )

( )

1 1
1 2 1

1
1 1 1 1

1 2 3 2 1
2

1
1 1 13

3 4 3 21
4

1 1
4 3 4

1 11 0 0 2 1
2 2

1 1 1 11 0 2 1
2 2 2 2

1 1 1 10 1 2 1
2 2 2 2

1 10 0 1 2 1
2 2

k k k

k
k k k k

k

k
k k k k

k

k k k

u u u

u
u u u uu

u u u u u
u

u u u

α α α

α α α α α

α α α α α

α α α

− −

+

− − −
+

+
− − −

+

− −

 + − + − + 
    − + − + − + +    ⋅ =    − + − + − + +    
 

− + + − + 
 

( )

( )

1 1
0 0

1 1
5 5

1
2

0
0

1
2

k k

k k

u u

u u

α

α

− +

− +

 
   +   
   
   +   
   
   +     
 

(27)
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Where boundary conditions have been set apart through 
the last vector column on the right side of the equivalence. 

Matrix equation (27) presents a system which 
results in defining the vector ( )1 1 1 1

1 2 3 4   k k k ku u u u+ + + + , and 
implies the understanding of vector given from the 
following equation 1k = : 

( ) ( )1 0 0 0 0 0
1 1

1 2 , for 1
2n n n n n nu u v t u u u n Nα + −= + ∆ + − + ≤ ≤  (28) 

Graphic presentation of the solution of hyperbolic 
partial differential equation (wave equation in special 
forms) is in the Fig. 5. 

 
Figure 5: Description of the grid with the equation of 
hyperbolic type with boundary and initial conditions 

Terminology (22), (23) and (26), as well as the 
matrix (27) present so called implicit method of the finite 
differences. 

The simplistic method for using is the so called 
explicit method, according to which the finite differences 
(22) have the form:  

 

1 12

2 2

2
1 1

2 2

2

2

k k k
n n n

k k k
n n n

u u uu
t t

u u uu
x x

+ −

+ −

− +∂
=

∂ ∆
− +∂

=
∂ ∆

 (29) 

Where the result of the equation (15), for 
( , ) 0f x t = , is presented in explicit form as: 

 ( )1 1
1 12 2k k k k k k

n n n n n nu u u u u uα+ −
+ −= − + − +  (30) 

i.e.: 
 ( ) ( )1 1

1 12 1 2k k k k k
n n n n nu u u u uα α+ −

+ −= − + + −  (31) 
where: 

2
2

2

tc
x

α ∆
=

∆
 - introduces abbreviation, as it is in the 

implicit method. 
Punctuality, as well as stability of the calculating 

process and the criterion for stability in the explicit 
method, with numerical integration, depend on the size of 
time range in: 

 1tc
x

α ∆
= ⋅ ≤

∆
 (32) 

known as Courant-Friedrichs-Lewy (CFL) condition. 
In order to get high accuracy of the result (small 

range Δx), it has been noted that a small time range Δt is 
essential to secure stability, which makes the explicit 
method ineffective. 

In relation to the explicit method, the advantage of 
the implicit method is its absolute stability - no matter the 
size of the time range. However, the setback is that it is 

more complex and therefore requires tridiagonal system of 
algebraic equations solving in any time range. 

4. APPLICATION OF THE FINITE DIFFERENCE 
METHOD ON MINING ELEVATORS 

This chapter is providing the steps for solving the 
movement differential equations (oscillations) of the load 
with the hoisting element (rope) which is in a stick form 
(the “heavy” rope) of a constant length. It is possible to be 
approximately determined as oscillations with one degrees 
of freedom, with a “heavy” spring. However, the problem 
can be modelled even more accurately as a system with an 
infinite number of degrees of freedom (longitudinal stick 
oscillation) with the suitable boundary conditions. 

When it comes to longitudinal oscillations of the 
great mass ropes, all the particles within the rope are 
moving parallel to the rope axis. The elongation is 
repeated one after the other with the time t and spatial 
coordinate x. 

Fig. 6 shows the “heavy” rope with the load at its 
end. This model generally can be used as a representation 
of the exploitation facility in mines at the moment when 
the cage stops and it starts to oscillate freely (if we ignore 
the friction in guide rails). 

 
Figure 6: Model of the “heavy” rope with the load (cabin, 

cage) at its end 

The starting parameters for the dynamic model 
analyses in Fig. 6 are: 

500 mL =  - the total free length of the ropes at the 
moment of stopping the cage, 

30 tM =  - reduced oscillation mass, 
21700 mmA =  - total metal cross-section area of ropes, 

51,3 10  MPaE = ⋅  - rope elasticity modulus for the chosen 
parameters. 

The data (suggested parameters) are acquired for a 
specific mine elevator obtained through measurements and 
later determination of certain dynamic parameters. 

A movement differential equation is a hyperbolic 
partial differential equation described in (15) for 

( , ) 0f x t =  and 2( , )a x t c= , which is expressed as: 
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2 2

2
2 2 0u uc

t x
∂ ∂

− =
∂ ∂

 (33) 

With constant c  being equal to: 

 2 Ec
ρ

=  

And it stands for how fast the waves are spreading, 
whereas 37,86 t mρ =  is the thickness of the wire 
materials in the driving ropes. 

Boundary conditions are defined for the rope's 
ends. At the upper end, if 0x = , based on expression (16), 
the first boundary condition would be: 
 (0, ) 0u t =  (34) 

The second boundary condition is gained for the 
lower part of the rope, where it is connected to the load. 
Based on the expressions in [11] and the applied method 
of separating the variables, it is confirmed that the second 
boundary condition is: 

 
2

2

( , ) ( , ) 0u L t M k u L t
x A cρ

∂ ⋅
− =

∂ ⋅ ⋅
 (35) 

Where constant k in this case equals, [11]: 

 (2 1)
2

k m
L

π
= −

⋅
,  ( 1,  2,  3,  ...)m =  

The “heavy” rope is initially burdened with the load 
(M⋅g), so its end is stretched for [11]: 

 M g LL
E A
⋅ ⋅

∆ =
⋅

 

And we observe the other parts in a linear manner: 

 ( ,0) L M gu x x x
L E A
∆ ⋅

= ⋅ = ⋅
⋅

 (36) 

This expression represents the first initial condition. 
The second initial condition is obtained with the 
assumption that the system was still at first, i.e. all the 
parts of the “heavy” rope had the zero velocity. 

 ( ,0) 0u x
t

∂
=

∂
 (37) 

Solution for the movement differential equation 
(oscillation) of the “heavy” rope has been gained with the 
finite difference method in MATLAB software package, 
by using the explicit method for solving the equations of 
the hyperbolic type. 

The results shown in Fig. 7 were obtained by using 
the mentioned boundary and initial conditions, with the 
second initial condition (37), taking that 0 0nv = . 

 
Figure 7: How elongation depends on the time (t) and 

space coordinate (x) 

4.1. Application of specialized software systems for the 
vertical transport machines analysis 

Owing to problems and restrictions in the software 
MATLAB application for differential equations solving 
systems with variable (nonholonomic) boundary 
conditions has its limits, the only solution lies in the 
application of specialized software systems for dynamic 
analysis. One of the software systems, which is especially 
suitable for the analysis of system's dynamic behavior in 
the mechanism form, is the software MSC ADAMS. 

Complete separation analysis of the dynamic 
behavior for the cage side as well as for the counterweight 
side can be executed if the regular cases of the vertical 
transport device have been observed. Those devices do not 
contain any rope sliding at a driving pulley (the 
modification of the hoisting velocity is defined). Further 
text will demonstrate the analysis of the dynamic behavior 
of the elements for the cage. 

The conception of the dynamical model accepted 
represents the model of the wire rope as the hoisting 
element with the damping spring (Calvin’s model), which 
is, on one end, joined to the beam of specific stiffness 
which presents the upper beam of the cabin (cage), and on 
the other end, it is joined to the solid component that is 
driven by the electric motor, Fig. 8a. 

The cabin frame can be modelled using 
concentrated weights which represent the weights of the 
certain upper beam of the cabin frame, connected with 
beams (Massless Beam), Fig. 8b. 

        
a) 

 
b) 

Figure 8: Computer model of elevators 
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The drive characteristic is represented through 
setting the velocity, i.e. changing the number of rotations 
in a driving pulley. In this paper, the velocity is set in the 
form of „spline“ (Fig. 9), which is unambiguous when it 
comes to describing the changes in the rotations number in 
a driving electric motor which is reduced to the 
circumferential velocity on the drum, i.e. driving pulley, 
obtained through an incremental encoder during the 
measurements performed on a mining elevator. 

 
Figure 9: Changing of velocity as a driving characteristic 

on the pulley 

As an illustration of the possibilities of dynamic 
analysis, the following figures show the diagrams for 
changes in certain values, done in MSC ADAMS software, 
while using the real experimental data. 

 
Figure 10: Diagrams of the change in cage position, 

velocity and acceleration 

 
Figure 11: Diagrams of the change in hoisting ropes 

elongation, stiffness coefficient and damping parameter 

 
Figure 12: Diagram of the force in ropes changing 

The given part of the research points and analysis 
results out the possibilities to analyze the impact of 
variable stiffness (EA/L) and movement velocity 

(nonholonomic boundary condition at the point where rope 
comes to the pulley) on vertical transport systems at great 
lifting velocities, which was not possible to do using the 
mentioned numerical methods. 

5. CONCLUSION 
By analyzing the parameters of a concrete 

exploitation facility it is possible to simplify a dynamic 
model to a great extent if we omit the small values of the 
higher order and gain the suitable model for a dynamic 
analysis. 

For driving mechanisms used for vertical load 
lifting (elevators and cranes), it is necessary to provide 
adequate conditions for the correct dynamic analysis of 
their parts’ behavior and especially for the rope as the 
basic element, already in the design phase. Due to a 
significant influence of rope free length changes, due to its 
slipping over the driving pulley and for the reason of its 
mechanical characteristics, it is impossible to apply a 
classical dynamic model of longitudinal oscillations for 
homogenous stick of a constant length, especially by the 
elevators with large velocities and large lifting heights 
(express and mine elevators). 

The system of partial differential equations of the 
hyperbolic type is possible to be solved by using the 
numerical methods (MATLAB), but only in the cases after 
stopping (braking) the driving mechanism. In that case we 
trust the stiffness suits the current values of the rope’s free 
length as a constant size with the suitable boundary 
conditions. In order to do the analysis of the dynamic 
behavior of the system during the movement (variable 
stiffness and nonholonomic boundary conditions) it is 
necessary to apply the specialized software packages with 
specifically defined (adjusted) parameters of dynamic 
models that can be obtained through measuring at vertical 
transport real systems. 
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The paper deals with the analysis of deformation of cross section of cylindrical carrier of axial bearings with big 
diameters at portal cranes. Fundamental theory on calculating plates and shells with restrictions about proper function of 
these bearings, helps to define relations for determining required height of cylindrical carrier with the following conditions 
being met: first, the change of cylindricality of upper part has to be as small as possible; second, movements of supporting 
points of support surface for connecting axial bearing must not exceed the allowed value. Finally, the expressions for 
determining height of cylindrical carriers are presented and they can be used by construction engineers when designing 
optimal connection between rotating platform and carrying structure of portal cranes through axial bearings having big 
diameters. 

Keywords: Cylindrical carrier, Axial bearing, Deformation, Allowed movement, Carrier height
1. INTRODUCTION 

Application of axial bearings with big diameters 
is widely used in means of transport mechanization, 
especially in portal cranes (Figure 1). The bearing (3) 
(Figure 2) connects the rotating platform (2) with the 
cylindrical carrier (4) of the carrying structure (5) in the 
portal crane. Platform is rotated by planetary reducer (1).  

 

 
Figure 1: Portal crane with axial bearing 
 
Structural designs of portal carrying structures 

with stiff cylindrical carrier and flexible upper and lower 

portal elements offer an opportunity to partially eliminate 
the influence of roughness of tracks on elimination of 
deviation from horizontal supporting areas of cylindrical 
carrier to which axial bearing is screwed. When external 
loads, in the form of moment M, axial forces Fa and radial 
forces Fr, are conveyed primarily in the boom plane, there 
is angular turning of the segments of supporting areas of 
cylindrical carrier. 

 
Figure 2: Axial bearing with cylindrical carrier 

 
The angular turning of cross section of cylindrical 

support has to be within the limits in order to provide safe 
and reliable operation of the axial bearing. 

2. THEORETICAL FUNDAMENTALS ON 
CALCULATING CYLINDRICAL CARRIERS 

If theoretical fundamentals on plates and shells 
are applied [1], we can define with great accuracy the 
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height of cylindrical carrier H (Figure 2) which results in 
considerable decrease of deformation of supporting area of 
cylindrical carrier over which the axial bearing lies. 
Cylindricality is not changed [2] if the dependence is 
defined:  

                        3Hβ ⋅ ≥

           
                      (1) 

The parameter β is calculated from the following 
relation:  

( )2

4
2 2

1

3 1

B R

ν
β

−
=

⋅
 

where: 
H – height of cylindrical carrier, 
v – Poisson quotient (v = 0.3 for steel), 
R1 – curve radius of cylindrical carrier, 
B – thickness of cylindrical carrier. 
 

 Expression (1) gives the smallest height H at 
which the change of carrier cylindricality is not practically 
conveyed from the lower part to the upper part:  
 

                             
( )

1

24

3

1

R B
H

ν

⋅
≥

−
                                 (2) 

After substituting values of v, we get [1] 

 

                             12,5H R B≥ ⋅                                 (3) 
 
The analysis of derived constructions, for the relation 
between radius and thickness of cylindrical carrier 

1 / 20 30R B = ÷ , results in  

                            ( ) 10, 45 0,56H R≥ ÷                          (4) 

The external loads M, Fa and Fr, which are 
transferred to the cylindrical carrier through the axial 
bearing, have various influences on turning of the cross 
section on the cylindrical carrier (Figure 3).  
 Due to small dimensions of axial bearing 
sections, their stiffness can be ignored in further analysis. 

As Figure 3a shows, the axial force Fa is equally 
transferred along the periphery of cylindrical carrier. At 
portals with four legs the quarter of the value Fa loads the 
cylindrical carrier causing the turning of its cross section 
which is defined by turning angle φ:  

           ( ) ( )2
1 1 1 1

18 8
a a

Fa
x x

F a R R F a R R
R EI EI

ϕ
π π
− ⋅ − ⋅

= =   (5) 

Load caused by the moment M (Figure 3b) can be replaced 
with the couple 2FMR1, so the moment force being 
transferred through the cylindrical carrier causes turning of 
its cross section for the angle φ M:  

            ( ) ( )2
1 1 1

2
1 44M

xx

M a R R M a R
EIR EI

ϕ
ππ

− ⋅ −
= =     (6) 

Total angular turning of the cross section of the cylindrical 
carrier is: 

      

( ) ( )

( )

1 1 1

1 1

8 4

4 2

a
Fa M

x x

a

x

F a R R M a R
EI EI

a R F R
M

EI

ϕ ϕ ϕ
π π

ϕ
π

− ⋅ −
= + = +

−  = +  

          (7) 

 
Figure 3: Loads transferred from the axial bearing to the 

cylindrical carrier 
 

The radial force Fr (Figure 2b) acts on the small 
arm h, so its influence on the turning of the cylindrical 
carrier section is negligible. 

Movements of supporting points of the cylindrical 
carrier in the vertical direction ∆ can be defined through 
the turning angle of the cross section: 

            a ϕ∆ = ⋅        (8) 

but the movement has to be smaller or equal to maximally 
allowed movement ∆max whose value for the axial bearing 
with big diameters is as follows [4]:  

max 0,1mm∆ =  for the diameter of 1m    (9) 

 Defined relation (9) provides proper function and 
long lifetime. 
 After substituting (7) into (8) and having in mind 
the restriction (9), it follows:     

                         
( )1 1 max

4 2
a

x

a R F R
M

EI aπ
− ∆ + ≤  

             (10) 
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Geometrical Identification of Cylindrical Carrier of Axial Bearings with Big Diameters 

The moment of inertia for the right-angled cross 
section of the cylindrical carrier is defined by the 
following expression: 

                      
3

12x
BHI =                                (11) 

When expression (11) is taken into expression 
(10) and when respective figures are reduced and rounded, 
we get the formula for calculating the height of the 
cylindrical carrier:  

      
( ) 1

1
3

max

2
aF Ra a R M

H
E B

 − +  ≥
∆ ⋅ ⋅

                 (12) 

For a portal crane having:  
16000aF kN= , and 
575000M kNcm=  

the adopted axial bearing has the following basic 
parameters (Figure 4) [3]: 

 
Figure 4:  Axial bearing 

 
 
External diameter of supporting ring 2915U mm= , 
Internal diameter of supporting ring 1 2715D mm= , 
Height of internal ring 1 117H mm= ,  
Height of external ring 2 150H mm=  
 

These parameters are used to define the radii of 
the cylindrical carrier and its thickness: 

1500a mm= , 

1 1470R mm= , 
60B mm= . 

 Now we can determine the height of the 
cylindrical carrier by expression (12): 

( )

( )

1
1

3

max

3

4

2

16000 147150 150 147 575000
2

2,915 0,01 2,1 10 6

aF Ra a R M
H

E B

H

 − +  ≥
∆ ⋅ ⋅

⋅ − +  ≥
⋅ ⋅ ⋅ ⋅

47,44 50H cm cm≥   

Cylindrical carriers of axial bearings with big diameters 
(more than 3m) are made of thinner plates in the form of 
box-like cross section. 
If the thicknesses of horizontal and vertical steel plates of 
which the cylindrical carrier is made are equal, i.e. if δ1 = 
δ2 = δ, then the moment of inertia of the cross section 
(Figure 5) is defined by the following expression: 

                     
3 2( ) ( )

6 2x
H B HI δ δ δ δ+ −

= +               (13) 

where: 
H – height of the cylindrical carrier, 
B – width of the cylindrical carrier, 
δ – thickness of the plates. 
 

 
Figure 5: Cross section of the box-like cylindrical carrier 

 
If the elements with the multipliers δ3 and δ4 are 

neglected, the expression (13) leads to the simplified 
expression for the moment of inertia of the box-like cross 
section, which is more acceptable in engineering practice: 

                  
3 2 2

( )
6 2 2 3x
H H B H HI Bδ δ δ

= + = +          (14) 

To define loads of the mentioned portal crane (Fa 
and M) and geometrical parameters of axial bearing a and 
R1, the moments of inertia are connected through 
expressions (10) and (14) so it follows: 

           
2

1 1

max

( )( 2 )
( )

8 2 3
a

x
a a R F R M H HI B

E
δ

π
− +

≥ = +
∆

    (15) 

If the relation between the width and height of the 
cross section of box-like carrier is B = H/5, the minimum 
height of cylindrical carrier can be defined by the 
expression (15): 

 

                         1 13

max

( )( 2 )
2

aa a R F R M
H

Eπ δ
− +

≥
∆

            (16) 

 
In the concrete case, after replacing the values 

into expression (16) and if δ = 1.0 cm, it follows that H ≥ 
75 cm.    
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3. CONCLUSION 
 

The selection of axial bearing with big diameter 
which connects the rotating platform and carrying 
structure of portal cranes, enables us to calculate the 
needed height of the cylindrical carriers of the bearings. 

The constructed analysis leads to the conclusion 
that in geometrical identification of cylindrical carrier its 
height should have the value which does not change the 
cylindricality of carrier and deviations of supporting points 
of the area for bearing connection should not exceed 
allowed values. If the carrier height is calculated this way, 
lifetime of the bearing is significantly increased. 
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The paper considers the problem of optimization of the rectangular box section of the double beam bridge crane. 
Reduction of the girder mass is set as the objective function. The constrained optimization applied in Matlab Optimization 
Toolbox was used as the methodology for determination of optimal geometrical parameters of the rectangular box section. The 
criteria of permissible stresses, local buckling of plates, static deflection, permissible period of oscillation, minimum plate 
thickness and production feasibility were applied as the constraint functions. Verification of the used methodology was carried 
out through numerical examples and the comparison with some existing solutions of cranes was made. Numerical result shown 
that the mathematical model of optimization was exact and the algorithm effective. 

Keywords: Double beam bridge crane, Eurocodes, Matlab Optimization Toolbox, Optimization, Rectangular box 
section

1. INTRODUCTION 
Double beam bridge cranes are very much present in 

idustry plants, and all of which are intended for lifting and 
transportation of large loads and for larger spans. The mass 
of the girders has the largest share in the total mass of the 
double beam bridge crane, and that is the reason why it is 
very important to reduce it in order to obtain a lighter 
structure, which also reduces the market price of the crane. 

There are a large number of papers which deal with 
the problem of analysis of stresses of main girders of cranes 
as well as with their optimization. Most papers treat the 
problem of optimization or stress analysis of the main girder 
of the bridge crane. 

Most authors set permissible stress or permissible 
stress and permissible deflection as the constraint functions. 
The criteria of lateral stability, local buckling of plates and 
permissible period of oscillation have lately been 
increasingly applied as the constraint functions. 

Matlab software is a very effective tool in the 
optimization procedures, particularly in engineering 
practice, as is the case with the main girders of the bridge 
cranes. Application of Matlab software in optimization of 
the main girder of the single-girder bridge crane is shown in 
[01]. The single-girder crane is loaded with two loaded 
trolleys. The performed optimization showed there can be 
savings in the mass of the main girder, using Matlab 
Graphical User Interface (GUI). Optimization of geometric 
parameters of different types of cross-sectional shapes of the 
main girders of the double beam bridge cranes is shown in 
[02], using the multi-criteria optimization process in Matlab 
software. Application of Matlab Optimization Toolbox in 
optimization of the section of the prestressed steel-concrete 
composite box girder is shown in [03]. The price of the 
girder is significantly reduced for a concrete example. 

In most cases, the optimization of the girders is 
performed by FEA. In the paper [04], manual and FEA 
report for plates buckling is presented to reduce overall 
weight and cost of the main girder of the bridge cranes. 
Results obtained from FEM, manual calculations and 
experimental analysis. 

The paper [5] carried out the analysis of local 
buckling of plates and rigidity of the bridge cranes by using 
Polish standards, which were later compared with the results 
of analysis performed according to European standards, 
using Ms Excel software and FEM. The paper [6] performed 
topology optimization of the main girder of the double beam 
crane using by Optistruct solver tool in HyperWorks 
software, according to the criteria of strength, stiffness and 
lateral stability. 3D model was made in Pro/E software. The 
mass of the girder is reduced by 21.16%. Similarly to 
previous, the paper [07] carried out optimization of the 
geometrical characteristics (thickness, height and width) of 
the box girders of the bridge crane using by Patran/Nastran 
software, and based on these results the secondary 
optimization is fulfilled with MMA programme (The 
Method of Moving Asymptotes algorithm). 

In [8], optimization of the main girder of the double 
beam bridge crane using by SolidWorks software, according 
to the criteria of strength, stiffness and local stability of 
plates is presented. Similarly to previous, the paper [09] 
performed optimization of the main girder of the bridge 
crane using by Ansys software, according to the criteria of 
strength and stiffness, where the total volume of girder is 
decreased by about 21.8%. 

Besides the above mentioned softwares for FEM, in 
[10], by using LIAfem software, indicated that the size of 
the finite element affects the accuracy of the results, where 
the double beam bridge crane is analyzed. 

Application of Abaques software in the analysis of 
strength and stiffness of the girder of the double beam 
bridge crane is shown in [11]. The observed example of the 
crane is modeled in Inventor software. The authors also 
analyzed the natural frequencies with a modal analysis of 
the girder with and without load. On the importance of 
dynamic effects in the analysis and optimization by FEM, 
show us the following papers. In [12], the analysis was 
carried out by Ansys software, and the conclusion of the 
study was that double beam bridge cranes have had less 
dynamic effects under the same loads as single-girder bridge 
cranes so they proved to be working faster.  
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The paper [13] carried out the analysis of the effects 
that have inertial forces on the stresses and deflections, by 
FEM, where the derived certain conclusions for the 
optimization of these types of girders. 

In addition to FEM application, is increasingly being 
applied various analytical and numerical methods for 
optimization process. Multi-criteria optimization was 
conducted in the paper [14] for the purpose of reducing the 
crane mass using Ms Excel software, and the solution was 
verified using Ansys software. The mass of the girder was 
reduced about 10%. 

In the paper [15], problem of reducing the weight of 
the box girder of the bridge crane, at the same time 
increasing the productivity and to improve quality of 
product as required by the Indian standard, is tackled by 
preparing programme in Visual Basic 6.0. Optimal 
dimensions of the box girder of the bridge crane are affected 
by choice of standards, as shown in the paper [16], where 
the results obtained by Serbian standard and European 
standard, and compared, on examples of existing solutions 
of single-girder bridge cranes. GRG2 algorithm in Ms Excel 
software was used for the optimization process. 

Application of the centered differential evolution 
(CDE) algorithm in the process of optimization of the box 
girder of the bridge crane is shown in [17], where as 
opposed to the previously mentioned papers, the cross-
section of the box girder is variable along the span. In this 
way, the mass of the girder is decreased by about 23.50%. 

Application of Mathcad software in optimization of 
the box girder of the bridge crane is shown in [18], where is 
graphically presented the dependence of the cross-sectional 
area in relation of capacities of the cranes, for characteristic 
spans. Similarly to previous, in [19] is graphically presented 
the dependence of the cross-sectional area in relation of the 
spans, for characteristic capacities of the cranes. In [20] is 
also applied Mathcad for multi-criteria optimization and 
comparison of the results for the welded box girder, for the 
cases when the objective function is the cross-sectional area 
and the cost of the girder manufacturing. 

The mentioned papers point to the importance of 
optimization of the main girder of the bridge crane and 
creation of the model which can allow a more real 
description of the crane behaviour in operation. As it can be 
seen in the mentioned papers, there are different constraint 
functions so that it can be concluded that a better objective 

function, i.e. smaller girder mass is obtained for a larger 
number of constraints. 

Taking into account the above mentioned results and 
conclusions, the aim of this paper is to define optimum 
values of parameters of the geometry of cross-sectional area 
of the rectangular box girder of the double beam bridge 
crane that will lead to the reduction of its mass. 

2. MATEMATHICAL FORMULATION OF THE
OPTIMIZATION PROBLEM

The task of optimization is to define geometrical
parameters of the rectangular box section of the girder 
which result is its minimum mass. 

Matlab Optimization Toolbox can be used to solve 
the problems of linear programming, non-linear 
programming and multi-target programming. 

The optimization algorithm of the parameters of the 
cross-sectional area of steel rectangular box girder is to 
utilizing the fmincon function in the Optimization Toolbox 
to realize the minimization of the cross-sectional area of the 
rectangular box girder, i.e. constrained minimization 
problem. 

The optimization problem can be defined by the 
following mathematical formulation, [21]: 

min ( )f X  (1) 
subject to: 

( ) 0C X ≤ (2) 
( ) 0Ceq X = (3) 

A X b⋅ ≤  (4) 
Aeq X beq⋅ = (5) 
lb X ub≤ ≤  (6) 

where: 
, , , ,X b beq lb ub  - vectors 
,A Aeq  - matrices 
( ), ( )C X Ceq X  - functions that return to vectors 
( )f X  - the target function (the objective function) 

Functions f(X), C(X) and Ceq(X) can be nonlinear 
functions. 

In Matlab Optimization Toolbox, the constrained 
nonlinear optimization problem is realized by fmincon 
fuction. The specific forms are as followings: 

[ ] ( ), , , , , , , 0, , , , , , , ,X fval exitflag output lambda grad hessian fmincon fun X A b Aeq beq lb ub nonlcon options=          (7)
where: 
fval  - objective function value at solution (returned as a 

real number) 
exitflag  - shows reason for stop of fmincon function 
fun  - the target function 
fmincon  - function which find minimum of constrained 

nonlinear multi-variable function 
output  - function which outputs optimization information 
nonlcon  - function which calculates nonlinear inequality 
constraint C(X) ≤ 0 through the accepted vector X and the 
equality constraint Ceq (X) = 0 is used by estimated C and 
Ceq at the poison of X though the appointed function handle 
lambda  - the multiplier of Lagrange (it embodies which 
constraint is valid) 

grad  - shows the gradient of the target function at X 
hessian  - shows Hessiab value of the target function at X 

0X  - the initial value 
A and b meet the requirements of the inequality 

constraint A⋅X ≤ b, if there is no such constraint, then A=[ ] 
and b=[ ]. 

Aeq and beq meet the requirements of the equality 
constraint Aeq⋅X = beq, if there is no such constraint, then 
Aeq=[ ] and beq=[ ]. 

lb and ub meet the requirements lb ≤ X ≤ ub if there 
is no scope, suppose lb=[ ] and ub=[ ]. 

In the process of optimization, fmincon function 
adopts gradient projection method. Gradient projection 
method is a method to directly deal with the nonlinear 
programming constraint. 
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 It made a projection matrix according to the initial 
points and boundary face where the initial points stand. 
Repeat this procedure frequently so as to obtain the best 
solution. 

3. OBJECTIVE AND CONSTRAINT FUNCTIONS 

3.1. Objective function 
The objective function is represented by the area of 

the cross section of the rectangular box girder (Figure 1). 
The paper treats five optimization parameters (h, b1, t1, t2, y), 
where: 
h  - web height 

1b  - distance between webs 

1t  - flange thickness 

2t  - web thickness 
y  - value, according to recommendations 

H C
x

y

b1 t 2t 2

h
t 1

t 1

hsbs

2 cm

1

2

h 
/ y

h 
2

h 
1

b f  
Figure 1: The rectangular box section of the main girder of 

the bridge crane 
The vector of the given parameters is: 

 ( )k k a y S S tx Q, L, m , b , k , f , b , h , D ...=


 (8) 

where: 
Q  - the carrying capacity of the crane 
L  - the span of the crane 

km  - the mass of the trolley 

kb  - the distance between the wheels of the trolley 

ak  - the dynamic coefficient of crane load in the horizontal 
plane, [22] 

yf  - the minimum yield stress of the plate material 

Sb  - rail width 

Sh  - rail height 

tD  - the diameter of the trolley wheel 
The area of the cross section (Figure 1), i.e. the 

objective function, is: 
 1 22 ( )g fA b t h t= ⋅ ⋅ + ⋅  (9) 
or 
 ( ) 2

1 4 3 2 4( ) 2 4 2g g SA A X x x b x x x cm= = ⋅ + + + ⋅ + ⋅ ⋅  (10) 
where: 

gA  - the area of the cross section of the rectangular box 
girder (the objective function) 
X  - the design vector made of five design variables 

 [ ] [ ]1 2 3 4 5 1 1 2
T TX x x x x x b h t t y= =  (11) 

Other important relations can be written in the 
following way: 
 1 2 1 4( ) 4 4f f S Sb b X b t b x x b cm= = + + + = + + +  (12) 
 1 2 3( ) 2 2H H X h t x x= = + ⋅ = + ⋅  (13) 
where: 
H  - height of the girder 

fb  - flange width 
The geometrical properties in the specific points of 

the rectangular box section (Figure 1) shall be determined 
by well-known expressions ( 1 1 2 2 2, , , , ,x x y x y xI W W W W S ). 
where: 

xI  - moment of inertia about x axis 

1 1,x yW W  - section moduli for point 1 

2 2,x yW W  - section moduli for point 2 

2xS  - static moment of area for point 2 

3.2. Constraint functions 
3.2.1. The criterion of permissible stresses 

The maximum equivalent stresses in specific points 
of the rectangular box section (Figure 1) have to be lower 
than permissible stresses. 

The values of the bending moments in the 
corresponding planes and the value of the transverse force 
are calculated in the following way (Figure 2): 

F

III

F1

L

1 2
2

e1 e2

0.5(L-e1)

0.5L0.5e1

bk

BA
R q

 
Figure 2: Model of the main girder of the bridge crane 

 
2

2
1( )

4 8VI
R q LM L e

L
γ ⋅

= ⋅ − + ⋅
⋅

 (14) 

 1 2
kb

e =  (15) 

 1.1q g Aρ= ⋅ ⋅ ⋅  (16) 

 
2

2
1( )

4 8
h

HI a
R q LM L e k

L
γ

 ⋅
= ⋅ ⋅ − + ⋅ ⋅ 

 (17) 

 1( )
2 2t

R q LF L e
L

γ ⋅ ⋅
= ⋅ − +

⋅
 (18) 

while the values of the corresponding forces are: 

 1 2 4
kQ m

F F g
ψ

γ
⋅ +

= = ⋅ ⋅  (19) 

 1 2R F F= +  (20) 

 1, 2, 4
k

st st st
Q m

F F g F
+

= = ⋅ =  (21) 

A.39



Proceedings of IX Triennial International Conference “Heavy Machinery-HM 2017”, Zlatibor, 28 June - 1 July 2017 

G. Pavlović, M. Savković, N. Zdravković, V. Kvrgić, S. Mitrović 

 1, 2,h h st aF F F k= = ⋅  (22) 
 1, 2,h h hR F F= +  (23) 
where: 
γ  - the coefficient which depends on the classification 
class, [22] 
ψ  - the dynamic coefficient of the influence of load 
oscillation in the vertical plane, [22] 

1 2,F F  - forces acting upon girder beneath the trolley wheel 
1 and trolley wheel 2, respectively 
R  - resulting force in the vertical plane 

37850 kg
m

ρ =  - densiny of material of the girder 

q  - specifically weight per unit of length of the girder 
(increased by the weight of the diaphragms and the 
longitudinal stiffeners) 

,VI HIM M  - the bending moments in the vertical and the 
horizontal planes, respectively 

1,stF  - static force acting upon girder beneath the trolley 
wheel 

hR  - resulting force in the horizontal plane 

tF  - maximum shear force 
The value of the equivalent stress at point 1: 

 1, 1 1 ,1
1 1

VI HI
u zV zH d

x y

M M f
W W

σ σ σ= + = + ≤  (24) 

 ,1
1

y
d

m

f
f

γ ν
=

⋅
 (25) 

where: 
1,uσ  - maximum equivalent stress at point 1 

,1df  - permissible stress 
1.1mγ =  - general resistance factor, [23] 

1 1.5ν =  - the factored load coefficient for load case 1 
The value of the normal stress in the x direction at 

point 2: 

 2 2 2 ,1
2 2

VI HI
z zV zH d

x y

M M f
W W

σ σ σ= + = + ≤  (26) 

The value of the normal stress in the y direction due 
to the action of wheel pressure on the web plate (Figure 3): 

 1
,1

2
y d

r

F f
t l

σ = ≤
⋅

 (27) 

 
Figure 3: Effective distribution length under concentrated 

load 

where: 
2 ,z yσ σ  - the normal stresses in the x and y directions at 

point 2, respectively 
rl  - the effective distribution length (given in Annex C.4, 
[23]) 
 1 12 0.2 2 0.1r r d d tl l h tg r h tg Dκ κ= = ⋅ ⋅ + ⋅ = ⋅ ⋅ + ⋅  (28) 
 1 1d d Sh h h t= = +  (29) 
where: 

dh  - the distance between the section under consideration 
and contact level of acting load (Figure 3) 

45κ ≤   - the dispersion angle, [23] 
r  - the radius of the trolley wheel ( / 2tD ) 

The value of the tangential stress at point 2: 

 ,12
2

22 3
dt x

x

fF S
t I

τ
⋅

= ≤
⋅ ⋅

 (30) 

The value of the equivalent stress at point 2 
(maximum equivalent stress at point 2): 

 2 2 2
2, 2 2 2 ,13u z y z y dfσ σ σ σ σ τ= + − ⋅ + ⋅ ≤  (31) 

3.2.2. The criterion of local buckling of plates 
Testing of the box girder stability was carried out in 

accordance with the European standard, [23]. According to 
this standard, it is necessary to check the buckling of the 
flange plate with the width b1 and the thickness t1 (Figure 4 
and Figure 5), the buckling of the web plate above the 
longitudinal stiffener (length a, height h1 and thickness t2 – 
Figure 4 and Figure 6) as well as the buckling of the web 
plate under the longitudinal stiffener (length a, height h2 and 
thickness t2 – Figure 4 and Figure 6). Length a is distance 
bitween the diaphragms (Figure 4). 

 

 
Figure 4: Stiffeners of the box girder 

The criterion of local buckling of top flange plate of the box 
girder 

Testing of the stability of the flange plate segment 
(Figure 5) subjected to the action of normal compressive 
stress in the x direction was carried out in compliance with 
[23].This criterion is fulfilled if the following condition is 
satisfied: 
 ( )1 1 2 ,Sx zV zH b Rxfσ ν σ σ= ⋅ + ≤  (32) 
 ,b Rx x df fκ= ⋅  (33) 

 y
d

m

f
f

γ
=  (34) 

where: 
Sxσ  - design value of the compressive stress in the x 

direction 
,b Rxf  - critical stress 
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Figure 5: Top flange 

xκ  - a reduction factor, [23] 

 2

1 0.22 1 0.673x e x
x x

c forκ λ
λ λ

 
= ⋅ − ≤ > 

 
 (35) 

or 
 1 0.673x xforκ λ= ≤  (36) 
where: 

xλ  - non-dimensional plate slenderness, [23] 
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x

e

f
K

λ
σ σ

=
⋅

  (37) 

 1.25 0.12 , 1.25e e ec cψ= − ⋅ ≤  (38) 
where: 
Kσ  - a buckling factor (given in Table 15, [23]) 

eσ  - a reference stress, [23] 

eψ  - the edge stress ratio of the plate, relative to the 
maximum compressive stress 

 8.2
1.05e

Kσ
ψ

=
+

 (39) 

 1 22
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σ σσ
ψ

σ σ σ
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22

1
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112 (1 )e
tE
b

πσ
ν

 ⋅
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 (41) 

where: 
0.3ν =  - the Poisson’s ratio of the plate 

221000 kNE
cm

=  - the elastic modulus of the plate 

The criterion of local buckling of web plate of the box girder 
Testing of the stability of the web plate segment 

(Figure 6) subjected to the action of normal stresses in the x 
and y directions was carried out in compliance with [23]. 

The case when, in addition to vertical stiffeners at 
midspan, a row of horizontal stiffeners is also placed, the 
horizontal stiffeners being placed at the distance of h/y was 
considered (Figure 1). 

The criterion of stability of the web plate in zone 1 is 
fulfilled if the following condition is satisfied: 

 ( )
11

61 1 11
1 1

, 1 , 1 , 1 , 1

1
yx

ee
S y S x S yS x

x y
b R x b R y b R x b R yf f f f

σ σ σσ
κ κ

    
   + − ≤           

 (42) 

 ( )1 1 2 2S x zV zHσ ν σ σ= ⋅ +  (43) 

 1 1
1

2 1
S y

r

F
t l
ν

σ
⋅

=
⋅

 (44) 

 , 1 1b R x x df fκ= ⋅  (45) 
 , 1 1b R y y df fκ= ⋅  (46) 

 4 4
1 1 1 11 , 1x x y ye eκ κ= + = +  (47) 

 1
hh
y

=  (48) 

where: 

 
Figure 6: Web plate 

1 1,S x S yσ σ  - design values of the compressive stresses in 
zone 1 in the x and y directions, respectively 

, 1 , 1,b R x b R yf f  - critical stresses 

1 1,x yκ κ  - reduction factors for zone 1 in the x and y 
directions, respectively, [23] 
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 (49) 

or 
 1 11 0.673x xforκ λ= ≤  (50) 
where: 

1xλ  - non-dimensional plate slenderness, [23] 
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or 
 1 11 0.831y yforκ λ= ≤  (57) 
where: 

1yλ  - non-dimensional plate slenderness, [23] 
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where: 
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1yKσ  - a buckling factor for zone 1 (determined using 
Figure 11, [23]) 

1rc  - the width over which the transverse load is distributed 
(equivalent to 1rl ) 

The criterion of stability of the web plate in zone 2 is 
fulfilled if the following condition is satisfied: 
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where: 

2 2,S x S yσ σ  - design values of the compressive stresses in 
zone 2 in the x and y directions, respectively 

, 2 , 2,b R x b R yf f  - critical stresses 

2 2,x yκ κ  - reduction factors for zone 2 in the x and y 
directions, respectively, [23] 
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or 
 2 21 0.673x xforκ λ= ≤  (69) 
where: 

2xλ  - non-dimensional plate slenderness, [23] 
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or 
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where: 

2 yλ  - non-dimensional plate slenderness, [23] 
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where: 
2 yKσ  - a buckling factor for zone 2 (determined using 

Figure 11, [23]) 
2rc  - the width over which the transverse load is distributed 

(equivalent to 2rl ) 

3.2.3. The criterion of static deflection 
In order to satisfy this criterion, it is necessary that 

static deflection in the vertical plane has the value smaller 
than the permissible one. 

 
3

1, 21 (1 6 )
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E I
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⋅
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 2,
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F
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 kb
L
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 dopf k L= ⋅  (81) 
where: 

stf  - static deflection in the vertical plane,  

dopf  - the permissible deflection in the vertical plane, [22] 
,α β  - the coefficients, [22] 

k  - the coefficient which depends on the purpose of the 
crane and control condition of the crane, [22] 
3.2.4. The criterion of permissible period of oscillation 

 
To determine the time of damping of oscillation, it is 

necessary to analyse the vertical oscillation of the main 
girder with the payload. The analysis procedure was 
performed in compliance with [22] and [24]. 

The mass m1 is determined according to the 
expression, [24]: 

 1
35

2 72
k mQ m m

m
+ ⋅

= +  (82) 

where: 
35

72
mm⋅  - the reduced continual mass of the girder at 

midspan for the assumed function of displacement of the 
elastic line of the adopted discrete dynamic model for the 
simple girder, [24] 

The time of damping of oscillation is determined 
from the expression, [22]: 

 11 16
d

d

m
T T

π δ
γ

⋅ ⋅ ⋅
= ≤  (83) 

 1.1mm A Lρ= ⋅ ⋅ ⋅  (84) 
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11
1.0
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E I

δ ⋅
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 (85) 

where: 
mm  - the mass of the girder (increased by the mass of the 

diaphragms and the longitudinal stiffeners) 
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11δ  - the deflection of the girder caused by the action of the 
unit force 

dT  - the permissible time of damping of oscillation 
(permissible period of oscillation), which depends on the 
purpose of the crane, [22] 

dγ  - the logarithmic decrement which shows the rate of 
damping of oscillation, which depends on the ratio between 
the height of the girder H and the span L, [22] 
4. NUMERICAL REPRESENTATION OF THE RESULTS 

OBTAINED 
The optimization process is done by Optimization 

Toolbox module of Matlab software. 
Existing solutions of the double beam bridge cranes 

that were used as examples for the optimization process are 
in classification class 2m/M5, so that certain input 
parameters necessary for the optimization process are 

adopted for mentioned classification class. Other input datas 
are shown in Table 1. 

As initial conditions (vector X0) in the optimization 
process are taken the dimensions of the rectangular box 
section of existing solutions of the double beam bridge 
cranes (shown in Table 1). 

As additional criteria for the optimization process are 
taken production feasibility (distance between the webs) and 
the recommended minimum thicknesses of the plates. 

Minimum thickness of the web plates is adopted to 
be 5 mm and minimum thickness of the bottom and top 
flange is adopted to be 6 mm, which are also the constraint 
functions. In addition, as one more constraint function, 
minimum distance between the web plates is taken to be: 20 
cm, 25 cm and 30 cm. These values are shown by the 
minimum values (lower boundaries) of the optimization 
parameters (vector lb). 

The boundaries for the optimization parameter y are 
taken as recommended values (y = 3 ÷ 5). 

Table 1: Characteristics of existing solutions of the double beam bridge cranes 

No. Manufacturer Q 
(t) 

L 
(m) 

mk 
(kg) 

Dt 
(mm) Material bk 

(mm) 
t1 

(mm) 
t2 

(mm) 
h 

(cm) 
b1 

(cm) 
bf 

(cm) 
Ag 

(cm2) 
1 Colpart 15 20.69 780 170 S355 1000 10 6 98 31 41 199.6 
2 Colpart 10 23.3 690 140 S355 1000 10 6 98 30 40 185.6 
3 Colpart 2x25 22.5 2x2920 230 S355 1350 12 8 147.6 41.8 52 360.96 

4 Montavar 
Lola 20 18.95 860 170 S235 1000 10 8 98 31 41 238.8 

Table 2: The values of optimum parameters and Savings 

No. t1 
(mm) 

t2 
(mm) 

h 
(cm) 

b1 
(cm) 

bf 
(cm) y Aopt 

(cm2) 
Saving 

(%) 
1 7 6 113.74 20 29.6 4.07 177.93 10.86 
1 7 6 113.74 25.04 34.64 4.06 184.98 7.32 
1 6 5 111.15 30 39.5 3.96 158.55 20.57 
2 6 5 120.91 20 29.5 3.76 156.31 15.78 
2 6 5 117.4 25 34.5 3.73 158.8 14.44 
3 8 6 136.1 50 60.6 3.84 260.28 27.89 
3 8 6 132.28 52.78 63.38 4.02 260.14 27.93 
4 6 5 107.26 45.23 55.73 3.89 174.14 27.08 

 
Table 2 shows the results of the optimization for 

four existing solutions of the double beam bridge cranes, 
according to euro codes and material saving at different 
initial conditions (the minimum value of b1). It can be seen 
that in some cases of existing solutions of the double beam 
bridge cranes the optimization process gives different 
results. The plate thickness values are rounded to whole 
numbers. The values with the greatest savings of some 
examples are bolded. 

5. CONCLUSION 

Based on the optimization theory and the procedure 
for calculation of steel box girder of the bridge cranes, this 
paper combines the optimum design philosophy and the 
design of the rectangular box girder. The cross-sectional 
area is optimized making full use of the optimization 
function in the Matlab Optimization Toolbox. The result 
shows that the Matlab Optimization Toolbox is reliable, 
convenient and rapid. Therefore, it can be widely utilized 
in the optimization of the cross-sectional area of steel box 
girders for similar constructions.  

Application of Matlab Optimizaiton Toolbox on 
sections of the rectangular box girders of the bridge cranes 
allows designers to concentrate their attention on the 

optimization rather than the realization of the specific 
calculation. The results of optimization (the main 
paremeters of the cross-sectional area of the rectangular 
box girder) represent the starting point for designers while 
designing box girders.The justification of application of 
Optimization Toolbox module of Matlab software was 
checked on four solutions of the double beam bridge 
cranes which are in operation. The optimization task – 
minimization of the cross-sectional area was successfully 
realized, which is seen in the comparison of the obtained 
results with the solutions made in practice. The application 
of this method resulted in significant savings in the 
material, within the range of 15.78 ÷ 27.93%. Similar 
procedure can be carried out for the situation with two 
rows of longitudinal stiffeners, which is the case for 
greater spans and load capacities.  

The conclusion is that further research should be 
directed toward a multi-criteria analysis where it is 
necessary to include additional constraint functions, such 
as: influence of manufacturing technology, types of 
material, conditions of crane control and operation, 
material fatigue and economy. Previously mentioned is the 
basis for further research in order to save material, and 
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also to minimize the cost of the girder manufacturing, 
[20]. The obtained results can be of great importance both 
for crane designers and for the researchers dealing with 
similar optimization problems. 
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Abstract: Vital components of the beam that enable conjoint operation of two bridge cranes are braces and the 
threaded spindle. The beam connects two bridge cranes with the overall lifting capacity of 500 t (2x250 t) and enables their 
simultaneous conjoint operation during the rehabilitation or major overhaul of hydroelectric generating set equipment at 
the hydro power plant ''Djerdap 2''. Two braces are being installed instead of two hooks when that situation occurs. 
Threaded spindle is loaded with 500 t (5 MN), while braces are loaded with 250 t (2.5 MN) each.  

Integrity of structures is a relatively new scientific and engineering discipline which in a broader sense comprises 
condition analysis, behaviour diagnostics, service life evaluation and rehabilitation of structures, which means that, beside 
the usual situation in which it is necessary to evaluate the integrity of structure when a flaw is detected by means of non-
destructive tests, this discipline also comprises stress condition analysis for the structure without cracks, most often 
through the use of the finite element method. That's the way to obtain the precise and detailed distribution of 
displacements, deformations and stresses, which enables determination of weak spots at the structure, even before the 
initiation of the crack. 

Non-destructive tests were performed in order to analyze the current condition of braces and of the threaded 
spindle. On the basis of performed analytical calculations it was determined that their integrity is not threatened, although 
some internal non-homogeneities were detected by ultrasonic testing. 

 

Keywords: Cranes, Ultrasonic Testing, Braces, Threaded Spindle, Integrity of Structures 
 

 
1.INTRODUCTION 

Inspection, condition analysis and testing of beam 
components for simultaneous conjoint operation of 2 
bridge cranes with overall lifting capacity of 500 t (5 MN) 
are being performed as a preparation for work during 
rehabilitation or major overhaul of hydroelectric 
generating set equipment at hydro power plant 'Djerdap 2', 
because they are subjected to regulations for load lifting 
devices. 

Therefore it's necessary: 
 

- to carry out condition analysis, check the load carrying 
capacity and integrity of material of which the vital 
components of the beam for simultaneous conjoint 
operation of bridge cranes at hydro power plant 
'Djerdap 2' on the basis of results of non-destructive 
tests, 
 

- to make a proposition regarding the repair of vital 
components if they become unusable in case when the 
check of load carrying capacity or integrity evaluation 
proves that degradation of material of particular 
components of the beam for the simultaneous conjoint 
operation of bridge cranes causes the reduction of load 
carrying capacity or threatens the integrity of the 
structure.    

 

 
 
The beam connects two bridge cranes and enables 

their simultaneous conjoint operation, figure 1. It's being 
used during the rehabilitation or major overhaul of 
hydroelectric generating set equipment at the hydro power 
plant 'Djerdap 2'. Threaded spindle (marked 2 in figure 1b) 
is loaded with 500 t, while braces (marked 3 at figure 1b), 
which are being installed instead of hooks during the 
simultaneous conjoint operation of cranes, are loaded with 
250 t each. Drawing of the device for simultaneous 
conjoint operation of bridge cranes is presented in figure 2. 

According to design documentation [1], braces and 
threaded spindle were made by forging of steel with 
guaranteed chemical composition OLC 35 (romanian 
designation). Chemical composition is presented in table 
1, while mechanical properties are given in tables 2 and 3. 

 

1. NON-DESTRUCTIVE TESTING OF BEAM BRACES 
AND THREADED SPINDLE 

 
In order to perform analysis of the current state, 

check the lifting capacity and evaluate the integrity of vital 
components (braces, threaded spindle) of the beam for 
simultaneous conjoint operation of bridge cranes visual 
testing (VT), magnetic particle testing (MT) and ultrasonic 
testing (UT) were carried out. 
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a) First bridge crane b) Beam for simultaneous conjoint operation of bridge cranes c) Second bridge crane

Figure 1: Appearance of the beam for simultaneous conjoint operation of 2 bridge cranes 

Table 1: Chemical composition, values in [%] 
Steel C Si Mn Cr Ni Mo S P 
OLC 35 0.32-0.39 max  0.4 0.5 - 0.8 max  0.4 max  0.4 max  0.1 max  0.045 max 0.045 

Table 2: Mechanical properties of steel OLC 35 for the thickness of brace forging t = 220 mm 
Steel Yield strength, YS [N/mm2] Tensile strength, TS [N/mm2] Elongation, A5 [%] 
OLC 35 245 500 min 15 

Table 3: Mechanical properties of steel OLC 35 for the thickness of threaded spindle forging t = 900 mm 
Steel Yield strength, YS [N/mm2] Tensile strength, TS [N/mm2] Elongation, A5 [%] 
OLC 35 210 470 min 15 

Figure 2: Assembly drawing of the device for simultaneous conjoint operation of 2 bridge cranes 
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1.1. Results of visual testing 
Visual testing of all components of beam 

equipment confirmed the existence of corrosion products, 
as well as the existence of insignificant mechanical 
damages. Mechanical damages were repaired by fine 
grinding, and afterwards all components were subjected to 
sandblasting and application of anti-corrosive protection. 

1.2. Magnetic particle testing 
No surface defects were detected during the 

magnetic particle testing performed on braces and 
threaded spindle. 

1.3. Ultrasonic testing 
In figures 3-6, results of tests carried out on the 

right brace of the beam (at which internal non-
homogeneities were detected), as well as on the threaded 
spindle, are shown. Findings, marked with red and yellow 
colour, refer to areas at which the testing was carried out. 

 
 

 
Figure 3: Results of ultrasonic testing performed on the right brace of the beam (upper view) 

 

  
Figure 4: Results of ultrasonic testing performed on the right brace of the beam (side view) 

 

 
Figure 5: Results of ultrasonic testing performed on the threaded spindle of the beam (upper view) 

 

 
Figure 6: Results of ultrasonic testing performed on the threaded spindle of the beam (side view) 
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On the basis of results of ultrasonic testing 
performed on the right brace and on the threaded spindle, 
shown in figures 3 - 6, it can be concluded that detected 
non-homogeneities are discontinuous impurities of 
lamellar shape, grouped around the central area that 
originated during the process of forging, which is a 
relatively common occurrence during the manufacture of 
large forgings.  

 
 

2. CALCULATION OF BRACES AND OF THE 
THREADED SPINDLE DURING THE 

SIMULTANEOUS CONJOINT OPERATION OF 
BRIDGE CRANES 

 
In order to perform reliable check of load carrying 

capacity of braces (B) and of the threaded spindle (TS) of 
the beam during the simultaneous conjoint operation of 2 
bridge cranes the analytical calculation and numerical 
calculation were carried out. Calculation was performed 
for brace loads QB = 250 t (2.5 MN), as well as for the 
load at the threaded spindle QTS = 500 t  (5.0 MN). 

 

2.1. Analytical calculation of stresses in critical cross-
sections of braces 

 
Beam braces are subjected to tension, each with 

250 t (2.5 MN). Nevertheless, their analytical calculation 
was carried out for the load of 500 t (5 MN), in order to 
achieve safety in case when one of the braces fails. 
Dimensions and critical cross-sections used for the 
analytical calculation of beam braces are shown in figures 
7 and 8. 

 
 
 

 
 

 

Figure 7: Basic dimensions of a beam brace 
 

 
 

 
Figure 8: Detail around the opening at the brace with 

marked characteristic cross-sections 

 
According to manufacturers' documentation, braces 

were made of steel OLC 35 [1]. Taking into account the 
fact that the calculation was carried out for the allowable 
stress Sall = 120 MPa, it can be concluded that the safety 
factor with respect to yield strength (table 2) is: 

 
 

0.2 245 2.00
120BM

all

YS
S

S
= = =     (1) 

 
By analytical calculation carried out for beam 

braces it was determined that the safety factor is equal or 
larger than 2 in all critical cross-sections, shown in figure 
8 [2]. 

 

2.2. Analytical calculation of stresses in critical cross-
sections of the threaded spindle 

 
Analytical calculation was performed for all 

characteristic cross-sections of the threaded spindle, which 
served as a basis for determination of the minimum 
necessary diameter of the threaded segment. Dimensions 
and critical cross-sections are shown in figures 9 and 10. 

Taking into account yield strength of material OLC 
35 (table 3) and allowable stress σall = 120 MPa, factor of 
safety of the threaded spindle is: 

 
0.2 210 1.75

120all

YS
Smts

σ
= = =   (2) 

 
 
By analytical calculation of the threaded spindle in 

critical cross-sections, shown in figure 10, it was 
determined that the lowest value of the factor of safety is 
1.67 [2].  
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Figure 9: Basic dimensions of the threaded spindle 

 
 

 
 

Figure 10:Detail around the eye opening at a threaded 
spindle with marked characteristic cross-sections 

2.3. Numerical calculation of stresses in critical cross-
sections of braces 

 
Numerical calculation of braces, performed through 

the use of finite element method [3], was carried out for 
the load of 500 t (5.0 MN). Calculation was performed 
taking into account the fact that braces are subjected to 
tension. It was also taken into account that value of 
elasticity modul is E = 210 GPa, value of Poisson's 
coefficient is ν = 0.3, while value of yield stress is YS = 
245 MPa. 

3D model of the brace is shown in figure 11a, while 
the finite element mesh is presented in figure 11b. 

 
 Results of numerical calculation of tensile stress to 

which the brace is subjected for load of 5 MN that 
includes the use of von Mises equations is presented in 
figure 12. 

2.4. Numerical calculation of stresses in critical cross-
sections of the threaded spindle 

 
Finite element model has been formed by using two 

planes of symmetry and adequate boundary conditions, 
taking into account the geometry of the threaded spindle, 
figure 13. Load has been introduced by using the contact 
with a rigid body (shaft), which is presented in the same 
figure. Linear elastic model of material behaviour has been 
used. Calculation was performed taking into account the 
fact that braces are subjected to tension. It was also taken 
into account that value of elasticity modul is E = 210 GPa, 
value of Poisson's coefficient is ν = 0.3, while value of 
yield stress is YS = 210 MPa. 

The mesh consists of tetrahedral finite elements, 
with square interpolation functions. Load that acts on the 
model of 1,250,000 N presents 25% of the service load. 
Load acts on the shaft and is being transferred by contact 
on the spindle. Connection of the spindle with a crane 
(through threaded coupling) has been simplified through 
modelling - displacement of the surface which responds to 
the threaded segment of the spindle has been constrained. 

Distribution of von Mises stresses is presented in 
figure 14, which also contains magnified detail at the 
threaded spindle, in close proximity of the opening. In 
figures 14 and 15, the shaft is not shown in order for the 
complete distribution of stresses to be presented.  
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It’s clear that highest values of stress are 
significantly lower than 210 MPa, which is the value of 
yield stress. 

Two paths (A-B and C-D) along which the 
variation of stress values has been monitored are shown in 
figure 14, in order to determine the stress state in close 
proximity of the opening as precisely as possible. 

Distribution of stresses in longitudinal direction 
(axial stress) around the opening, with negative values of 
this component due to the contact with the shaft (i.e. to the 

transfer of load across the contact surface) is shown in 
figure 16. 

Variations of stress along the paths A-B and C-D 
are presented in figures 16 and 17. Equivalent Von Mises 
stress has higher values along the first path, due to the 
evident negative stress in the longitudinal direction.  

In cross-section C-D, values of von Mises stress 
and of the stress in the longitudinal direction are almost 
equal, with the highest value at the very opening (point C) 
of approximately 90 MPa. 

 
 
 
 

  
a) 3D model of the brace b) Finite element mesh 

 
Figure 11: 3D model and finite element mesh for one of the braces 

  
 
 

 

 
             86.9       78.5       70.2        61.8        53.4        45.0        36.7         28.3        3.16   [MPa] 

 

 
 

 
 

 
Figure 12: Results of numerical calculation and values of von Mises tensile stresses  
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Figure 13: Finite element mesh of the threaded spindle 

 

 
Figure 14: Distribution of equivalent von Mises stress 

 

 
Figure 15: Distribution of stress in the longitudinal 

direction, area of the opening 

 

 
Figure 16: Variation of stress value along the path A-B 

 

A.51



Proceedings of IX International Conference “Heavy Machinery- HM 2017”, Zlatibor, 28 June – 1 July 2017 

M. Arsić, M. Mladenović, B. Međo, Z . Malešević, Z. Savić 

 
Figure 17: Variation of stress value along the path C-D 

 
3. ANALYSIS OF RESULTS OBTAINED BY TESTING 

AND CALCULATION 
Based on results of non-destructive tests and 

calculation of stress condition of the right brace and of the 
threaded spindle as parts of the beam for simultaneous 
conjoint operation of bridge cranes during rehabilitation or 
major overhaul of equipment of the hydroelectric 
generating set at HPP ‘Djerdap 2’, the following can be 
concluded:.  
− According to design documentation [1], braces and 

threaded spindle were made of steel with guaranteed 
chemical composition OLC 35 (romanian designation) 
by forging. 

− Visual testing of all components of beam equipment 
confirmed the existence of corrosion products, as well 
as the existence of insignificant mechanical damages. 
Mechanical damages were repaired by fine grinding, 
and afterwards all components were submitted to 
sandblasting and application of anti-corrosive 
protection. 

− No surface defects were detected during the magnetic 
particle testing of braces and threaded spindle for the 
simultaneous conjoint operation of bridge cranes. 

− On the basis of reports OZPTT-ZA-01/013 UT for the 
right brace of the beam [4] and OZPTT-VR-01/013 
UT for the threaded spindle [5], shown in 3D in 
figures 3 - 6, impurities of lamellar shape that 
occurred during the process of forging were detected 
locally. These impurities were grouped close to the 
central area, which is a relatively common occurrence 
during the process of manufacturing large forgings. 

− Analytical calculations for braces and the threaded 
spindle were carried out taking into account values of 
allowable stress σall = 120 MPa, yield stress YS = 240 
MPa (for thickness t = 220 mm), yield stress YS = 
210 MPa (for thickness t = 900 mm), as well as values 
of the factor of safety Smb = 2.00 and Smts = 1.75. For 

calculated stress states of braces and of the threaded 
spindle, in areas where non-allowable defects were 
detected, calculated values of the factor of safety were 
from S = 2.94 to S = 11.48 [2]. 

− Numerical calculations of stress in critical cross-
sections and in areas where non-allowable defects 
were detected proved that the integrity of braces and 
of the threaded spindle is not threatened, especially 
taking into account that bridge cranes are being used 
for simultaneous conjoint operation solely during 
rehabilitation or major overhaul of the hydroelectric 
generating set, therefore they are subjected to 
negligible dynamic loading.  

4. CONCLUSION 
It can generally be concluded that non-allowable 

indications detected at the right brace and at the threaded 
spindle by ultrasonic testing do not influence the load 
carrying capacity of the equipment for simultaneous 
conjoint operation of bridge cranes 2500/500/50 KN, 
because analytical and numerical calculations proved that 
almost one third of characteristic cross-sections of the 
right brace and of the threaded spindle can carry the 
predicted load during rehabilitation or major overhaul of 
hydroelectric generating set equipment at HPP 'Djerdap 2'. 

On the basis of performed tests, the use of vital 
components of beam equipment (right brace and threaded 
spindle) during rehabilitation or major overhaul of 
hydroelectric generating set equipment at HPP 'Djerdap 2' 
was allowed. 

ACKNOWLEDGEMENTS 
Authors wish to thank the Ministry of Education, 

Science and Technological Development for the support in 
realization of project TR 35002. 

REFERENCES 

[1] Design documentation, 'CCSITMRTU', Timişoara 
(Romania) 

[2] M. Arsić, “Study on Integrity Assessment of Vital 
Parts of the Beam for Operation Two Bridge Cranes 
During Rehabilitation or Major Overhaul at Hydro 
Power Plant Djerdap 2”, Institute for Materials Testing, 
Belgrade (Serbia), (2015) 

[3] Abaqus software package, www.simulia.com. 
[4] OZPTT-ZA-01/013 UT, Report on ultrasonic testing of 

braces, HPP ‘Djerdap 2’, Negotin (Serbia), (2013) 

[5] OZPTT-VR-01/013 UT, Report on ultrasonic testing of 
the threaded spindle, HPP ‘Djerdap 2’, Negotin 
(Serbia), (2013) 

 

 

A.52



IX International Conference “Heavy Machinery-HM 2017”, Zlatibor, 28 June – 1 July 2017, A.53-A.56 

*Corresponding author: Povitroflotsky Avenue 31, Kyiv, Ukraine, i_nazar@i.ua 

Organizational-Technological Models for the Formation of Effective 
Sets of Machines and Technologies in the Performance of Construction 

Works  
Maksim Nazarenko1*, Ivan Pereginets1, Viktor Leschinsky2 

1Kyiv National University of Construction and Architecture, Kiev  

2 Kyiv Academy of Construction of Ukraine, Kiev 
 

 
The criteria used to evaluate the optimization of decision making on the basis of the theory of praxeology have been 

applied in this work. The algorithm of supply of machines for construction works is made. The cluster approach for the 
organization of construction work technology, which is based on the theory of systems, criteria of decision-making and 
synergetic, is used. Its content essence has made it possible to create an optimized set of necessary, according to the 
relevant technology, method of organization of construction work in a single system. The results of the research include: 
raising the level of awareness and preparing potential participants for the creation of clusters. Development of criteria for 
evaluating the optimization of making managerial decisions in order to increase the efficiency of an optimized set of 
machines for a construction company. 
 
Keywords: evaluation criteria, optimization, supply of machines, cluster approach 

 

1. FORMULATION THE PROBLEM 
 
Transformation processes in the modern economy 

place the building complex in front of the requirement to 
stay in the market, which requires a lot of effort and 
carefully thought out solutions. The strategy of 
management, whose main goal is not so much profit 
making today, is becoming more widespread, as the 
increase in the investment value of equity capital provides 
the future of the economic condition of the construction 
company. The problem with construction equipment kits is 
that they have an increased degree of physical wear and 
tear, and low technological productivity leads to the use of 
a large amount of equipment.  

The solution lies in finding new organizational and 
technological models for forming sets of machines in 
accordance with the program of the construction project, 
modern requirements and market needs.  One such method 
is the application of the cluster approach, which is widely 
used in various fields and is based on the theory of 
systems [1], decision making criteria [2] and synergetic 
[3]. Its essence is due to the ability to create in a single 
system an optimized set of necessary, significant 
technology, methods of manufacturing any product of the 
highest quality, and the availability of adapted control to 
ensure minimum energy costs and the maximum 
productivity of the implementation of the final project. 

 

2. STATEMENT OF THE MATERIAL 
 
The criteria for the effectiveness of action are, to a 

certain extent, the criteria that evaluate the effectiveness of 
the universal and synthesized values, and are 
phraseological (practical) estimates [4]. Praxeology is a 

general theory of the effectiveness of actions, which aims 
to achieve the broadest generalizations of a technological 
nature [8] (and it is about the technology of effective 
work, the recommendations and warnings that are 
important for each action and ultimately aimed at 
maximum efficiency), and mainly deals with the 
effectiveness of action and functioning.  

Efficiency is identified with expediency, because 
productive actions or methods of action are those that 
ultimately lead to the desired result, called goal [4]. 
Marking the goal M, the result P, the main result - O and 
the cost - B, we can write the following phraseological 
indicators of universal efficiency [4,5]. 

The quality of the result 

                             ,M
PK p =            (1) 

is the relation of the result to the goal of action. 
The quality of the main result 

                            
M

OK o =
   (2) 

is the relation of the main result to the goal of 
action. 
         Inconsistency of the result 

                         MPP −=    (3) 

is the difference between the result and the purpose 
of action.  

Inconsistency of the main result 

                      MOO −=    (4) 

is the difference between the main result and the purpose 
of action. 
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The benefit of the result 

                           BP −=χ            (5) 

is the difference between the result and the cost of 
implementing the action. 

Economy of the result: 

                                  
B

P=η        (6) 

represents the ratio of the result to the cost of the 
implementation of the action. 

The quality of the main result K0 is the inverse of 
the degree of value of the goal, which is defined [3] as a 
"relation involves values that the goals (amounts of values 
of purpose) to the value of the real effect (the sum of 
values of real effects) of the action aimed at achieving this 
goal (goals) of action.  

Using the resulted criteria (1-6) was a prerequisite 
for the development of a scheme for the formalization of 
supply of machines (Figure 1). 

 
 

 
 
  
Within the framework of the implementation of this 

algorithm (Figure 1), appropriate research has been carried 
out in the development and implementation of the cluster 
approach.  

 
The cluster concept focuses on ties and 

interdependencies between companies integrated into the 
network structure for product manufacturing, service and 
innovation.  

Clusters are different from other forms of 
cooperation of companies by the fact that the participating 
companies in it form a production and trading network.   

The cluster concept goes beyond simple horizontal 
ties, in which firms operating on the general market of 
finished products belong to the same industrial group, 
cooperate in such areas of activity as research and 
development, demonstration programs, joint marketing or 
procurement activity.  

Clusters in large part act as network structures of 
combined areas, staffed with heterogeneous and 
complementary firms specializing in the creation of any 
material or specific innovative product.   

 
 
 
 
 

 
 
 

When establishing strict boundaries for sectors and 
industries, the traditional research approach does not take 
into account the importance of establishing 
interconnections and sharing knowledge within a network 
structure.  

System analysis Formulation of the problem
Determining the requirements for the source 

information

Selection and definition of variable 
parameters

Choosing an optimization criterion

Identification of the main features, interconnections and quantitative patterns

Collection, accumulation and primary 
assessment of the source information

Definition of restrictions and resources

Construction of a formalized (mathematical, simulation) model

Identification of the apparatus and methods of research of the model

Determination of optimal parameters

Acceptance of the final decision

Diagram of the formalization of completely set
machines

Figure 1: The algorithm of the reasonable choice and calculation of the set of machines 
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The cluster concept serves as an alternative to the 
traditional sectoral approach in economic market research 
(Table 1). 

Table 1: Differences between cluster and sectoral 
approaches 

№ Cluster approach Traditional sectoral approach 
1 Strategic groups with 

heterogeneous, complementary 
firms in network structures 

Groups of companies with 
similar network structures 

2 Include suppliers, consumers, 
manufacturers of goods and 
services, specialized institutes 

Focus on manufacturers of 
finished products 

3 Combine a number of 
interconnected industries that 
use common technologies, 
education, information, 
resources, channels and 
clientele. 

Focus on direct and indirect 
competitors 

4 Most participants are not direct 
competitors, they have 
common problems and 
challenges 

Doubtfulness in the 
organization of cooperation 
with competitors 

5 Widespread improvements in 
the field of general interest that 
improve productivity and 
enhance competition. 

Narrow-band approach 

6 Forums for more constructive 
and effective dialogue between 
the government and the 
business community 

The dialogue with the 
government is usually aimed at 
receiving subsidies,
protectionism and limiting 
competition 

7 Search for the synergy of new 
unions and associations 

Search in the direction of 
efforts to diversify corporations 
under existing conditions 

Output positions of the benefits of a cluster 
approach (Figure 2): 

• firms rarely introduce innovations in isolation. It
is much more intense in network science and
production systems. Many participants are
involved in a significant area of innovation
activity, and its success is determined by their
complementarity, the availability of their
specialized knowledge;

• the effect of synergy that stems from the
combination of knowledge of different firms and
organizations that complement each other and the
need for firms to combat the growing dependence
on environmental conditions is a driving factor in
the formation of clusters and the conclusion of
agreements by firms on joint innovation
activities;

• the initial theoretical position is concluded in the
interaction-based theory of innovation systems, in
which innovation is defined as an interactive
learning process based on the exchange of
knowledge and the joint activities of various
participants and production network structures;

• significant innovations are born from new
combinations of complementarity, diverse
knowledge and competence;

• different types of network structures and markets
require different styles of innovation;

Block diagram of a cluster

ABU
Representation cluster

Sector design 
documentatiоn

Engineering and 
installation

RBC “Affordable 
Housing Ukraine” Sector RED

Industrial and 
manufacturing

IT-sector Information and 
training sector

Insurance sector 
cluster

Sector specialists in 
real estate -

Realtors cluster

International 
Activities Sector

Construction and 
assembly sector Law sector The operational 

sector
Sector political 

lobby

Investment financial 
sector

Renewable energy sector

Sector experts 
Homeowners

Marketing sector 
cluster

Dispatch logistics sector

Land management 
sector cluster

Figure 2: Innovative synergistic cluster 
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The economic efficiency of the enterprise (Figure 
3) on the basis of the use of the cluster reduces up to 40% 
of the nominal structural cost of production, including: DC 
- the sum of direct costs: the cost of raw materials, direct 
wages, the work of machines and mechanisms, energy (the 
range of structural cost 40-50%); FC is the sum of constant 
general economic, general, administrative and social costs 
(decreasing the structural cost by 10-20%); LMA - 
transport logistics, cost of activities of outside 
organizations, marketing and advertising activity aimed at 
bringing and maintaining goods (services) in the market 
(range of structural cost 0-10%); Increase in sales volume;  

Enhancing company status as a cluster member. 
 

Results and Discussion
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 Figure 3: Economic efficiency of the enterprise based on 
the use of the cluster 

 

3. CONCLUSIONS 

 
1. The proposed criteria determine the rational set of 

machines for a construction company, their choice to 
compare different options in an explicit and synthesized 
form. 

2. It is established that in modern conditions of control 
of the process of choosing a construction company a set of 

machines based on the use of a cluster, which is based on 
the theory of systems, criteria of decision making and 
synergetic. 

3.  The application of the cluster method has the ability 
to create, in a single system, an optimized set of necessary, 
according to the relevant technology, methods of 
manufacturing any product of the highest quality and the 
availability of adapted control to ensure minimum energy 
costs and maximum productivity of the implementation of 
the final project. 
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In this article, the possibilities of risk management at design, production and repair of heavy machines taking into 
account of their operation conditions are considered. It is shown how on a basis of risk based thinking it is possible to 
prevent risks and to increase the level of safety of heavy machines. Methods of the analysis and assessment of risks in 
mechanical engineering are considered. 
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1. RELEVANCE OF THIS PROBLEM 
 

Until recently assessment of risks was not 
considered as compulsory procedure at design and 
production of the machine and many enterprises were 
limited to the analysis of level of their reliability.  From 
the moment of adoption in the Russian Federation of 
technical regulations "About safety of machines and the 
equipment" TR CU 010/2011[1] which according to article 
4 obliges to machinery out risk assessment at development 
stages (design) of machines and the equipment many 
organizations which are engaged in production and 
operation of such machines and the equipment faced need 
to conduct continuous work on assessment of possible 
risks and development of ways of their elimination. 
Unfortunately, it was quite difficult task. The reasons it is 
possible to bring quite a lot, but nevertheless it is possible 
to call the main: lack of wide circulation of risk 
evaluating. Despite existence of quite broad quantity of 
methods of risk assessment (according to ISO 31010-2010 
[2] their application B 31) enough often such technique 
needs to be developed especially for a concrete case, the 
machine, the mechanism. Absence of experts and 
experience in machinerying out similar works introduces 
the amendments on the way of full application of technical 
regulations. Development of risks assessment methods at 
operation of machines is of great interest to the 
operational organizations and the enterprises which are 
engaged in guarantee maintenance of this production.  

 
2. PROCESS OF RISK MANAGEMENT AND 
THE EXISTING METHODS OF RISKS ASSESSMENT 
 

In a general view life cycle of the machine consists 
of four main stages: Design, Production, Operation and 
Utilization (Figure 1). Apparently from the drawing 
process the risk management at best is present only at the 
first two stages: design and productions, process of 
operation it is them not captured. Real data on operational 
properties begin to arrive only after the beginning of 
product operation. In most cases it means that in a link 
there is one more participant - the consumer who also as 
well as the producer, in case of detection of defects will 
incur additional expenses.  

Therefore, existence of an opportunity previously 
to estimate the risks connected with product operation to 
launch in mass production for the producer or before 
acquisition for the consumer is the major task. 

 

 
Figure 1: Simplified scheme of life cycle of the machine 

 
The existing methods of risk assessment can 

conditionally be divided into 4 main groups [3]: 
1. Phenomenological methods are based on 

identification of a possibility of development of 
emergency processes by results of the conducted tests and 
pilot researches. It is possible to refer high reliability of 
results to advantages of methods, but only in case it is 
possible with sufficient reliability to estimate current state   
of the studied system elements. Methods well are suitable 
for the comparative analysis of various models of the 
machine, but - are of little use for the analysis of difficult 
multipurpose objects. 
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2. The determined methods assume machinerying 
out the analysis of the sequence of succession of events, 
beginning from an initial event and to a final condition of 
system, through a number of estimated intermediate stages 
and states. Development of processes is predicted by 
means of methods of mathematical modeling, imitations 
and difficult calculations. 

The determined methods provide presentation of the 
received results and provide a possibility of identification 
of the major factors influencing process of change of a 
condition of system.  

Need of development of difficult mathematical 
models and conducting difficult and expensive pilot 
studies belongs to shortcomings of this group of methods. 

3. Probabilistic methods lean on assessment of 
probability of emergency and calculations of probabilities 
of events succession. The analysis of possible chains of 
events is for this purpose machinery out and the total 
probability of emergence of failure of the machine is 
estimated. Advantage of a method is the possibility of 
drawing up simplified, in comparison with the determined 
method, mathematical models. However, simplification of 
models leads to decrease in accuracy of estimates. To the 
main shortcomings of methods dependence on quality and 
volume of information on a condition of system is. 

4. The inductive method allows to identify 
dangerous situations and events, probability of their 
emergence, and also size of possible damage at early 
stages. Application of this method allows to correct a 
system design at a design stage. Need to consider a set of 
various internal, external and random factors in 
calculations belongs to shortcomings of this method. For 
studying of difficult systems and obtaining the most exact 
results of assessment of risks it is necessary to use a 
combination of several methods. It allows to increase 
quality of the received results and to partially compensate 
shortage of statistical information. 

 
3. CHOICE OF A METHOD OF RISK 

ASSESSMENT AND SEQUENCE OF ACTIONS 
 

Risk assessment is a number of the logical steps 
allowing to apply system approach to consideration of 
factors of danger [3].  

Basis for risks assessment R within technical 
regulation are the functionality of F connecting probability 
P emergence of an adverse event and population mean of 
damage of U from this adverse event 

 

{ } ( ) ( ) ( ) ( ) ( ), ,  R R i i
i

R F U P F U P C U P U dU C P U P dP= = = =  ∑ ∫ ∫
where: i – types of adverse events, C – the weight 
functions considering interference of risks. 

The offered technique to be under construction on 
the analysis of the possible failures of the machine 
revealed by results of preliminary researches. Main stages: 
 

1. Formation of the list of possible dangers. At this 
stage, it is necessary to collect and analyses 
information on the possible dangers connected with 
operation of the machine. And also, to study 
available statistical information. 

2. The choice of possible sources of threats, 
identification of the key knots which are sources of 
danger and to define their character.  

3. Elimination of dangers which are impossible or 
improbable at operation of the studied machine. This 
action is necessary for reduction of volume of 
necessary works, simplification of estimated actions 
and improvement of quality of the received results. 

4. Risks Assessment.  Determination of probabilities of 
emergence of emergency situations, and also 
assessment of potential damage from their 
emergence.  

5. Development of measures for elimination of threats. 
After determination of probability of emergence of 
an emergency situation and possible damage, the 
decision on expediency and ways of elimination of 
threats is made.  
 
The most difficult is the calculation stage. For 

obtaining exact data on probability of approach of an event 
it is necessary to create the sufficient volume of statistical 
data that is quite difficult task as not all organizations have 
an opportunity to accumulate and analyze such 
information. In this situation method of expert evaluations 
can be also used. After risks assessment, it is necessary to 
obtain data on possible damages from these emergences. 

Damage assessment as a result of realization of risk 
can be machinery out by means of insurance companies, 
the repair organizations or method of expert evaluations. 

The conducted researches allow to create lists of 
risks and the related material inputs. Then on each point 
the decision on the risk level acceptability has to be 
passed. If value of risk appears beyond admissible limits, 
it is necessary to make the decision on development of 
measures for decrease in risk. In case decrease in risk is 
not possible, it is necessary to machinery out a package of 
measures for its prevention (exception). One of the main 
articles of expenses of any machinery producer make costs 
of guarantee maintenance. The term of guarantee 
maintenance is a strong argument at the choice of a make 
of the machine by the end user. Long since producers try 
to find optimum values of guarantee periods which will 
allow to attract consumers without essential losses on 
implementation of guarantee certificates. The main 
contribution on the way of achievement of this purpose is 
made by the level of technologies of the producer, "nou-
Hau" which allow to distinguish it from a competitive 
environment. A lot of things depend also on quality of 
materials, level of production of the completing main 
suppliers of components, etc. All these factors in total 
exert the impact on reliability of the making units and 
knots of the machine, and eventually on the total level of 
reliability of the machine. Reliability of the machine is one 
of the main components of safety of its operation. Quite 
often high standards on production, and also high quality 
of constructional materials are not an absolute guarantee of 
low costs of ensuring reliability of the machine in 
operation as there is a set of factors which cannot be 
considered by production and design: 

• human factor at control of machine; 
• climatic features; 
• modes of operation and frequency of technical 

service; 
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• quality and condition of a paving; 
• quality of operational materials and spare parts; 
• level of technological equipment of the service 

enterprises; 
• skill level of the personnel making maintenance 

and repairs of the machine.  

All these factors introduce serious amendments, 
changing a curve of costs of guarantee maintenance 
towards increase.  

There are practically no tools allowing to predict 
precisely the size of expenses taking into account multiple-
factor influence of service conditions on technical 
condition and requirement of the machine under repair. 
For this reason, the majority of decisions is made or 
directly by the dealer, on the basis of own experience and 
an intuition, or leans on a mathematical apparatus 
(mathematical modeling or elements of probability 
theory), but without features of operation. As an object of 
a research the machine, the most popular segment in 
Russia is chosen. (For maintaining confidentiality, the 
producer and a make of the machine do not reveal). On the 
basis of data on operation the schedule of distribution of 
the made replacements of details on systems of the 
machine (Figure 2) is constructed. 

 
 

Figure 2: The schedule of distribution of replacements of 
details on systems of the machine: 1- System of steering; 
2- Electronic equipment; 3- Transmission; 4- Glazing;  

5- Fuel equipment; 6- Suspension bracket 
 
From the point of view of safety of the machine the 

system of steering is the most important. The following list 
of the most often replaced details during the guarantee 
period (Table 1) is characteristic of steering i.e. on these 
positions the producer incurs the raised losses during the 
guarantee period. 

In Figure 3 the example of quality standard of risk 
is given. Figures specified the possible analyzed risks. 
Let's allow at number 1 it is risk of failure of the pump of 
the power steering (GUR). This risk was the most critical. 
Respectively it is necessary to develop a number of the 
measures designed to reduce this risk. Replacement of 
GURA by the electro power steering can be one of such 
options.  

Knowing distribution of refusals on spare parts, we 
machinery out the analysis of dangers and actually risks 
assessment. At the exit depending on the purpose of 
machinerying out risk analysis we receive high-quality or 
quantitative expression of risk.  

In Figure 3 the example of quality standard of risk is 
given. Figures specified the possible analyzed risks. 

 Respectively it is necessary to develop a number of 
the measures designed to reduce this risk. Replacement of 
the hydraulic pump by the electro power steering can be 
one of such options. 

 
Table 1. The most often replaced details during the 

guarantee period 
Name of a detail % of replacements 

System of steering  54% 

Hose of high pressure of GUR 16% 

Steering rack 13% 

Driveshaft  8%  

Pump GUR  3% 

Tube of system of steering  2% 

The column is steering  1% 

Air valve  1% 

Lath emphasis arm 1% 

 

 
 

Figure 3: Results of quality standard of risk 

For a solution of the problem of influence of 
regional features of operation on reliability it is offered to 
use two-stage approach to assessment of risks of the 
machine (Figure 4). 

 

 
Figure 4: Two-stage approach to the generalized risk 

assessment at operation of the machine 
 
Stage first: allocation of group of risks, the most 

critical for this machine.  

RISK 
AND 

RISK OF 
B 

RISK OF 
N 

First stage:  A
ssessm

ent of risks at design and 
production 

 
 

Second stage.  
Risk assessment at 

operation 
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Ranging of the chosen risks on the level of danger 
and cost of elimination of consequences. 

Stage second: calculation of the general risk 
assessment taking into account service conditions. 

It is necessary for obtaining preliminary data for 
further decision-making, concerning delivery of new 
model of the machine without any essential changes in a 
design or conditions of a guarantee provision. In this 
regard, it is offered to adapt a technique of risks 
assessment to operation realities in the conditions of the 
concrete region, in our case of the Russian Federation. On 
the basis of skilled observations, it was revealed that 
guarantee expenses are influenced by the following factors 
(Figure 5): 

1. Level of reliability of the machine
2. Regional features of machine operation
3. Modes of use of the machine
4. Cost of spare parts, operational materials and

works 

For simplification of calculations we accepted some 
restrictions: 

- in the course of development of the machine there
are risks which are characterized by probability of 
emergence of refusals and malfunctions of its main knots, 
the systems influencing safe operation (without risk of 
refusals of electronic control systems). 

- the mode of operation is defined by a manner of
driving of the machine which depends on character of the 
driver and operation conditions. As it is not possible to 
predict a driving manner, we accepted assessment scale 
depending on age of the owner who is indirectly 
influencing the mode of operation of the machine. The age 
of the owner is specified upon purchase of a machine. 

Assessment scales for each of types of risk are 
presented in Table 2. 

Figure 5: Types of manifestation of risk at operation. 

For receiving uniform of risk assessment, it is 
offered to use linear model of the weighed sum of factors 
of a look: 

Rob = A1X1 + A2X2 + A3X3+ … + AnXn 
For obtaining value from 0% to 100 % is 

normalized the total value of risk on a formula: 

Y=100% * (Rob-Min) / (Max-Min) 

Table 2: A risk assessment scale at operation of the 
machine 

Risk Point Assessment Description 

1 2 3 4 

Risk 
developments 

1 Low 
elements of an 
exterior, body 

interior 

2 Average 

Systems of passive 
safety, DVS, 
transmission, 

suspension bracket 

3 High Steering, systems 
of active safety 

4 Critical Brake system 

Risk  
region of operation 

1 Low Moscow and 
Northwest region 

2 Average Central and 
Southern regions 

3 High Far East 

4 Critical Siberia 

Risk 
operation mode 

1 Low over 45 years 

2 Average 30-45 years

3 High 23-30 years

4 Critical up to 23 years 

Risk of increase in 
cost of spare parts and 

works 

1 Low 

The model is local 
and the main spare 
parts are made in 
the territory of the 

Russian 
Federation 

2 Average 

The majority of 
spare parts are 

imported.  
There is an 

opportunity to 
arrange local 
production 

3 High 

100% import and 
impossibility to 

arrange local 
production in view 

of lack of 
technologies 

4 Critical 

The producer 
abandons the 
market of the 

Russian 
Federation 

The table of interpretation of rated risk assessment 
can be adapted under the concrete organization taking into 
account its policy and standards.Use of the offered 
approach during the planning of deliveries of new models 
of machines and justification of warranty periods of their 
operation provides a possibility of planning of the 
operating technical influences for the purpose of safety of 
use of the machine taking into account regional operation 
features.  
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The paper gives a survey of NDT of steel cord belts. For the purpose of NDT of steel cord belts a laboratory test rig 
is developed at the Faculty of Mechanical Engineering, University of Belgrade. Its intended use is nondestructive inspection 
of steel cord belts with Introcon S 2000 instrument. Axial distance between the drums of transporter is only  
1500 mm and it can work with belt widths up to 400 mm. Due to its small dimensions and intended work with steel cord belts, 
in configuration with instrument for non-destructive testing, it represents a unique laboratory facility. 

Keywords: Laboratory belt conveyor, nondestructive testing, steel cord belts 
 

1. INTRODUCTION 
Belt conveyor systems and other subsequent systems 

usually have a serial structure. This means that a failure of 
a belt conveyor, brings all other machinery and equipment 
to a stall. Therefore, the problem of ensuring an adequate 
level of availability of a continuous transport system is 
extremely important [1]. To maintain optimal working 
conditions and avoid unexpected halts and shutdowns 
different inspection and monitoring methods of belt 
conveyor equipment can be applied. Those inspections and 
testing can be both destructive and nondestructive. 

The belt conveyor consists of 5 main components, as 
described in [2]. Despite the fact that failure of any of these 
components could lead to the shutdown of the system, this 
paper focuses on nondestructive testing (NDT) of conveyor 
belts, as the most important component of the belt 
conveyor, particularly on the NDT of steel cord belts. 

Expected steel cord belt service life is 3-6 years. 
With proper maintenance and care it could be prolonged to 
more than 10 years. Therefore, steel cord belts are tested 
for: 

• steel cord state (number of broken cords) 
• belt splices stability (consistency of longitudinal 

gap between adjacent cords) 
• rubber covers (or structural) state [3].  

Similarly, according to ContiTech [4], [5] steel cord 
belts are inspected in order to perform: 

• belt rip detection 
• cord condition monitoring 
• splice elongation measurement 
• belt thickness measurement 
• belt surface inspection 

For belt rip detection ContiTech uses RFID chips 
and closed circuit loops and magnetic method for cord 
condition and splice monitoring, while the surface is 
inspected for defects using line LASER technology. In 
accordance with [6] rip detection methods include: 

• sensor loops  
• LASER rip detection - triangulation 
• wire under belt. 

 
Although all of the aforementioned factors have a 

significant impact on the steel cord belt service life, one 

should have in mind that durability of the belts is defined 
mainly by steel cord condition. Steel cords can be broken or 
corroded. Besides, rope splice damage is possible. Majority 
of steel cord defects is not visible because of their location 
inside rubber. Magnetic method of NDT is usual to detect 
the steel rope brakes inside the belts [7]. Besides that, 
magnetic devices can also be used for diagnostics of steel 
cord belts condition regarding their resistance to puncture 
as described in [8]. 

2. HISTORICAL REVIEW OF NDT 
Harrison stated in [9] that "the science of NDT was 

born in Australia in 1979 with the patenting of a system that 
came to be known as the "CBM" or conveyor belt 
monitoring." This new technology permitted testing of 
conveyor belt damage and degradation and for the first time 
steel cord belts were tested for corrosion. Paper discussed 
safety factor analysis and dynamic safety factor analysis. 
Splices are considered potentially weak link in a steel cord 
belt. At the time the paper was written available sensors for 
testing steel-reinforced belting included magnetic, eddy-
current, electromagnetic, X-ray and vibration sensor 
systems [9]. Further, Harrison explains magnetic NDT 
method that detects corrosion and breaks using variable 
magnetic reluctance transducer in [10] and magnetic NDT 
method with ferrite-cored coil array and external field of an 
axially magnetised cord in [11]. 

 
3. REVIEW OF NDT METHODS 

Among the most common NDT methods analysed 
by Kumar and Mahto in a very comprehensive review 
presented in [12] are NDT methods listed below: 

1. Visual & Optical 
2. Ultrasonic 
3. Electromagnetic (EMG) 
4. Thermographic 
5. Radiographic 
6. Liquid Penetrant 
7. Magnetic Particle  
8. Acoustic Emission  
9. Magnetic Resonance Imaging  
10. Optical Microscope 
11. Near-Infrared Spectroscopy 
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P. Cawley [13] highlights the "Big Five" among 
listed methods (methods marked with 2, 3, 5, 6 and 7 in 
previous list). Another systematization of NDT methods 
available online at [6] divides them into: 

• Visual inspection 
• Transmitter-receiver system 
• Leakage field measurement 
• Magnetic resistance 
• Opto-electronic imaging 
• Portable camera 
• X-ray - portable camera 
• X-ray - stationary, continuous 

Speaking of X-ray testing, Li et al in [14] described 
the MRB (Modified Regular Bands) method which deals 
with X-ray images, has a higher precision so it can detect 
fine faults, is simple and fast enough for real-time online 
fault detection. Although X-ray systems, both portable and 
stationary continuous, have superior characteristics in 
comparison with all other NDT methods, they are not that 
much in use due to their possible hazardous effect on the 
human health. Therefore, the most common methods in use 
are EMG and magnetic methods. 

4. METHODS AND EQUIPMENT FOR NDT OF STEEL 
CORD BELTS 

In general, steel cord belts are mostly tested with 
EMG or magnetic NDT methods. There is a vast variety of 
such methods and equipment available on the market. Some 
of them will be presented below alongside with the review 
of NDT equipment conducted by Blazej [15]. That review 
included: 

• Beltscan Pty Ltd (Australia) - Belt Guard™ system 
- magnetic, high resolution system 

• CBM Conveyor Belt Monitoring (Australia) - 
Magnetic Flux Leakage (MFL) system 

• CBT Conveyor Belt Technology (USA) - C.A.T. 
MDR™ system - magnetic, high resolution 
system, where C.A.T. stands for Cable Anomaly 
Tomography and MDR for Magnetostatic 
Differential Reluctance measurement technique 
[16]  

• Conveyor Technologies (CT Colorado & CT Pty. 
NSW Australia) 

• TCK (China) - TCK Steel Cord Conveyor Belt 
Online Automatic Inspection System - weak 
magnetic field system 

• Veyance Technologies (GoodYear) Cord Guard™ 
system - high resolution magnetic pictures, and 

• Introcon system - Intron (Russia) - eddy-current 
system 

DIAGBELT system is used for NDT of belt splices. 
It consists of 7 modules with magnetic coils, 2 permanent 
magnet bars, magnetic encoder (for measurement of 
conveyor velocity) and measuring head. Diagbelt uses Belt 
Guard™ (Australian) system's measuring head and data 
acquisition module [17]. 

Fenner Dunlop's EagleEye™ system is based on 
PLC and uses Magnetic Flux Leakage (MFL) panels or 
Conductive Loops or both for rip detection, plus provides 
continuous monitoring via Virtual Private Network (VPN) 
[18], [19]. G.S. Park et al explained Magnetic Flux Leakage 
method (MFL) in [20] in which the defect signals are 
mainly dependant on the change of the magnetic flux 

leakage in the region of a defect. MFL technique is also 
explained in [7]. 

Metal Magnetic Memory (MMM) NDT technique 
for testing of steel cord belts is presented by Xuwei in [21]. 
It has high sensitivity, small lift-off effect and high 
reliability. 

EyeQ is magnetic method of automatic detection. It 
provides real time monitoring and statistical analysis. 
Applied principle of measuring changes in magnetic field is 
coupled with vision module (for continuous inspection: 
linear DALSA camera with IMAQ vision software and 
LabView environment) [22]. A group of members of the 
Machinery Systems Division (MSD) in the Institute of 
Mining Engineering at Wroclaw University of Technology 
(WUT) worked with enhanced EyeQ system in combination 
with Computer Assisted Belt Card (belt management 
system). They also applied 2 magnetic scanners: HRDS 
(modified EyeQ system developed in MSD at WTU) and 
the LRM scanner (developed by servicing firm laboratory 
of Roman Martyna [23] - NDT system based on Magnetic 
Flux Leakage and permanent magnets) to establish steel 
cord condition of belt loops in working environment. This 
group also developed ABCDE tool - Automatic Belt 
Condition Diagnostic Equipment, consisted of 5 modules: 
A - vision (digital video recording + mechatronic sensor), 
B - magnetic, C - preventive,  
D - forecasting, E - safety factor [24], [25]. 

Embedded Conductive Detection system (ECD) 
stands for intelligent monitoring of belt conveyor systems, 
which is based on magnet matrix embedded in belt carcass 
in combination with outside sensors [26]. 

More advanced solutions may also include Artificial 
Intelligence (AI) systems. Kwasniewski presented in [3] 
state-of-the-art solutions for continuous monitoring of steel 
cord belts working conditions based on AI. “Major 
applications of AI include: 

• Fuzzy logic technologies – widely used in 
diagnostics; 

• Expert systems – in simple terms they include a 
“computer adviser”, simulating the work of an 
expert in diagnostics that in certain situations is 
able to replace or advise the expert; 

• Neural networks – commonly used in fault 
detection in diagnostics.” 

In accordance with the presented system, steel cord 
belt attributes of emergency conditions that are subjected to 
the continuous monitoring are: 

• Broken cords over the entire belt width (in the belt 
cross-section) 

• Longitudinal separation of layers along the rubber 
matrix (bad adhesion) 

• Elongated connections (inconsistency of belt 
splices) [3]. 

At the end of this survey eddy current NDT method 
will be presented.  

 "Javier Garcia Martin et al [27] gives an overview 
of the fundamentals and main variables of eddy current 
testing. It also describes the state-of-the-art sensors and 
modern techniques such as multi-frequency and pulsed 
systems. Recent advances in complex models towards 
solving crack-sensor interaction, developments in 
instrumentation due to advances in electronic devices, and 
the evolution of data processing suggest that eddy current 
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testing systems will be increasingly used in the future." 
[12]. "Eddy current testing is one of the most extensively 
used nondestructive techniques for inspecting electrically 
conductive materials at very high speeds that does not 
require any contact between the test piece and the sensor." 
[12]. 

Finally, it should be mentioned that there is one more 
method that works on eddy current principle. It is pulsed 
eddy current (PEC) method, an effective electromagnetic 
NDT technique. PEC is explained in [28]. 

 

5. LABORATORY TEST RIG 
Laboratory test rig for NDT of steel cord belts 

(Figure 1, 2 and 3), installed at the Laboratory for Logistics 
and Ecodesign at the Faculty of Mechanical Engineering - 
University of Belgrade (Department of Material Handling, 
Constructions and Logistics), consists of the belt conveyor 
(Figure 4) and its components, mobile carrier frame (Figure 
5), NDT instrument (in further text scanner) Introcon S 
2000 (Fig. 24, 25 and 26) and its girder (Figure 6). 

 
Figure 1: The 3D model of the test rig for NDT of steel 

cord belts  

 
 

Figure 2: The 3D model of the test rig for NDT of steel 
cord belts 

 
Figure 3: Produced belt conveyor, mounted on mobile 
carrier frame with scanner girder attached to its frame 

 
Figure 4: The belt conveyor 

 
Figure 5: The belt conveyor mobile carrier frame  
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Figure 6: Scanner girder: 3D model (left) and produced 
construction (right) 

The Laboratory acquired 2 steel cord belts for testing 
by the courtesy of Kolubara Univerzal d.o.o. (member of 
Continental corporation).  

One steel cord belt is made by reworking of a worn-
out steel cord belt intended for refurbishment. Both rubber 
covers are almost entirely stripped of. Therefore, belt 
surface is textured with shallow longitudinal grooves 
obtained by stripping of covers, see Figure 7. Overall belt 
thickness is 13 mm in average. Belt is made to be 400 mm 
in width and 3500 mm in length with vulcanised splice, see 
Figure 8 and 9. Steel cord filaments of the belt are  
5.3 mm in diameter.  

 
Figure 7: Textured surface of the worn-out steel cord belt 

The other belt is specially made for the purpose of 
laboratory testing. Belt width and length are the same as of 
the first belt, see Fig. 8 and 9. Overall thickness is 9 mm in 
average. Steel cord filaments of the belt are made of breaker 
layer wires, which are 1.15 mm in diameter. This belt has 
intentional manufacture built-in defects made for the 
purpose of laboratory investigations. Exact position and 
type of defects are marked on map of the belt. 

 
Figure 8: Steel cord belts for laboratory testing: worn-out 

belt (up) and specially made belt (down)  

 
Figure 9: Steel cord belts mounted on the conveyor: 
 worn-out belt (left) and specially made belt (right) 

5.1. Belt conveyor and its components 
 
The belt conveyor is 1800 mm long and 760 mm 

wide and it is consisted of the frame, 5 rollers, 2 pulleys, 
take-up device and drive, Figure 10. 

 
Figure 10: The belt conveyor with its components 

The belt conveyor frame is made of 2 c-shaped sides 
of 5 mm thick steel sheet (Figure 11) connected with 2 
supports made of □30x30x1.5 mm steel square tubes  
590 mm in length, See Figure 12. Frame sides are on both 
ends closed with covers, see Figure 13. 

 
Figure 11: The belt conveyor frame side 

 
 Figure 12: The belt conveyor frame support 

  
Figure 13: The belt conveyor frame cover 
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Rollers are made of Ø28 mm and 4 mm thick steel 
tubes, 560 mm in length with Ø16 mm shafts and a pair of 
609 ZZ ball bearings each, see Figure 14 and 15. 

 
Figure 14. The belt conveyor roller 

 
Figure 15. The belt conveyor roller's end 

Both pulleys are 500 mm long and 159 mm in 
diameter with Ø20 mm shafts, see Figure 16. 

 
Figure 16. The belt conveyor pulley 

Axial distance between conveyor pulleys is 
nominally 1500 mm. The take-up device is made of M20 
threaded rod with travelling distance of 200 mm. The drive 
pulley is embedded in conveyor frame using two UCF 204 
ball bearing units, see Figure 17.  

 
Figure 17: The drive pulley ball bearing unit UCF 204  

The tensioning pulley shaft ends with UCT 204 ball 
bearing unit on both sides. These units are connected with 
threaded rods of tensioning mechanism and they slide 
between a pair of □10x10x250 square steel rods. Together 
with the steel frame made of L50x50x5 and couple of M20 
nuts they form the take-up device, see Figure 18. 

 
Figure 18: The take-up device 

Since steel cord belts are not intended for use in such 
short belt conveyors, misaligning of the belt occurs as an 
issue. Side belt training rollers (4 of them) are installed to 

correct belt aligning. They are installed inside the belt 
conveyor frame, equally spaced from the front and the back 
end of the conveyor, at the distance of 400 mm from the belt 
conveyor frame covers, see Figure 19 and 20. Since they are 
mounted using slotted holes, they permit adjusting of the 
clearance between them and the edge of the belt.  

 
Figure 19: The training roller placed on the inner side of 

the belt conveyor frame  

 
Figure 20: Training rollers in their working position 

adjusted for belt width of 400 mm  
However, additional belt tracking is needed. Since 

crowned pulleys are not intended for use with steel cord 
belts, another solution is needed. Flanges attached to the 
drums should solve this problem. 

Power is transmitted from the 1.1 kW AC electric 
motor over the worm gear and a pair of replaceable chain 
sprockets, see Figure 21. Three sets of chain sprockets have 
been made. Combinations of sprockets provide 3 different 
belt speeds: 0.2 m/s, 0.4 m/s and 0.6 m/s. 

 
Figure 21: Belt conveyor drive 

5.2. Belt conveyor mobile carrier frame 
 
The belt conveyor mobile carrier frame is a welded 

construction made of □40x40x1.8 mm square steel tubes 
with 4 telescopic pylons made of □30x30x1.5 mm square 
tubes that are made of stainless steel.  
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Telescoping of tubes provides height adjustment 
ability which permits forming an inclined conveyor with 
incline up to 18º, see Figure 22. Height can be adjusted 
using levers shown in Figure 23. Whole frame is mounted 
on 4 wheels with brakes, 125 mm in diameter. 

 
Figure 22: Inclined conveyor 

 
Figure 23: Levers for conveyor height and incline 

adjustment  

5.3. Description of the scanner and its working principle 
 
The Laboratory is equipped with explosion-proof 

version of Introcon S 2000 scanner and it is suitable for 
NDT of steel cord belts in width up to 2000 mm. It works 
with belt speeds up to 7 m/s. The device is capable of 
detecting broken cords, as well as corroded areas and splice 
monitoring.Scanner's working principle is based on eddy 
currents. "Coil of the eddy current transducer induces eddy 
currents in steel cord ropes. The currents depend on rope 
condition: integrity and cross section area particularly. 
Sensing coil of the transducer gets a signal like a voltage 
pulse when break of the rope enters into the transducer’s 
sensing area. The transducer covers 10-12 ropes if they are 
distanced (17-20) mm each other." [7].   

Five transducers are united in a module. Our model 
of the scanner - Introcon S 2000 has 2 modules, each 
consisting of 5 transducers, see Figure 24. 

  
Figure 24: One scanner module consisted of 5 transducers  

Since the scanner is a portable device it can be 
disassembled, for storage and transport, see Figure 25. 

  
Figure 25: Disassembled modules of the Introcon S 2000 

scanner (Courtesy of Intron) 
 When the scanner is prepared for operation modules 

are interconnected one to another with cable and 
mechanically fastened with bolts, see Figure 26.  

 
Figure 26: Assembled scanner with both modules fastened 

to each other with bolts and conected with cable 
Each one of modules is connected to the separate 

basic unit (Figure 27, left), that provides the connection 
with the output of each of the transducers. The basic unit 
supplies the exciting coils of the transducers by alternating 
current, collects analog data from the transducers and gets 
pulses from distance counter [7]. The distance counter is 
attached to the one of the modules, Figure 27, right. It 
provides determination of the exact location of the defects 
within the belt, as well as measuring of the belt's speed. 
"There are 8 input channels for not more than 8 transducers. 
The data are transformed into digital form, processed by 
microprocessor, stored and displayed on LED display.  

After downloading of the data to a computer they 
can be processed by the special software WINTROCON to 
analyse the test result and to print the final test report. The 
transducer works in one of two modes: local fault (LF), like 
rope break, and loss of metallic area (LMA), like rope 
corrosion. It is necessary to pass the belt through the 
scanner twice, if one wants to get the LF and LMA data 
both." [7]. 
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Figure 27: Basic unit (left) and distance counter (right) 

5.4. Installation of the scanner 
 
Scanner's girder is mounted directly on belt 

conveyor frame, fastened with bolts, see Figure 1, 2 and 3. 
Since conveyor is built for inspection of belts in width up to 
400 mm, the girder is designed to support only one module 
of the scanner. The girder provides adjustable clearance 
between the belt and the scanner. Prisms for adjusting exact 
clearance of 10 mm, 15 mm and 20 mm are provided 
alongside with the scanner from the supplier, see Figure 28 
and 29. 

 
Figure 28: Prisms for adjusting the clearence between the 

belt and the scanner 

 
Figure 29: Actual use of prisms for adjusting the 

clearance  

Module of the scanner with distance counter is 
attached to the girder over specially designed supports that 
are mounted on the hand lever's places on the instrument, 
see Figure 30, 31 and 32.    

 
Figure 30: Hand lever for carrying the scanner 

 

 
Figure 31: Specially designed support for the scanner 

 
Figure 32: Module of the scanner mounted on the girder  

 
6. CONCLUSION 

Non-destructive testing of belt conveyors is one of 
the most important issues in maintaining proper operation 
of conveying machines, particularly for steel cord belts. 
However, the most of currently existing devices are merely 
used for field inspection. For the aforementioned fact it is 
necessary to create a laboratory test rig which can be used 
both for educational and research purposes. For such 
purposes a laboratory test rig is developed and installed in 
the Laboratory for Logistics and Ecodesign at the 
University of Belgrade - Faculty of Mechanical 
Engineering (Department of Material Handling, 
Constructions and Logistics). It is a unique test rig in the 
HEIs in the area of SEE and WB countries. Its 
characteristics, thoroughly presented in the paper, ensure 
the boost of educational and research potential of the 
institution and give a substantial opportunity for further 
development in linking intralogistics equipment and 
environmentally related issues.   
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Eddy-current magnetic separator EcMS-500 for non-ferrous metals is primarily designed to separate aluminium cans 
from other waste, but it can separate other non-ferrous metals such as brass and copper. During operation, the magnetic 
roller of separator creates eddy current field. These currents interact with metallic waste and generate attractive forces and 
interact with non-ferrous metals (aluminium, brass, copper) generating repulsive forces. Consequently, due to the effects of 
eddy currents, aluminium cans and other waste of non-ferrous metals are separated by ejecting from the magnetic separator 
belt, while passing over the roller. The paper presents the different types of solutions of magnetic separators. A special review 
is given to the design of the magnetic separator EcMS-500. The influences of the magnetic roller speed (revolutions per 
minute) and the conveyor belt speed on the ejection distance of cans are analysed. Also, the effect of cans shape on the 
separation forces intensity is considered. For defined diameter of the belt guide roller, the analysis has identified the optimum 
revolutions per minute that provides sufficient force of separation for non-ferrous metals with minimal force that burdens the 
connection of the magnet and the rotor. 

Keywords: Eddy-current separator, Recycling, Metallic waste, Aluminium cans
1. INTRODUCTION

Application of eddy-current separators began in the 
early nineties. Increasing concerns about the preservation 
of the environment and the adoption of various directives 
on waste disposal increase the development of eddy-
current separators. So, there are many manufacturers in 
almost all countries in the world today. At the same time, 
there has been published many papers about this subject. 
Nijhof G.H., [1] described one of the first principle of the 
separation of recycled aluminium and the significance of 
this separation. The paper describes the working principle 
of used equipment in the recycling process as well as the 
whole system of recycling. Rem P.C. et al., [2] are among 
the first who described the operation of the magnetic field 
on the particles separation. They showed the effects of 
particle size, shape and conductivity on the particle 
trajectory. Simulation results were compared with 
experimental data in order to optimize the design of the 
separator as well as its working parameters. Zhang S. et 
al., [3] investigated the influence of installation of two-
drum eddy-current separators. The simulation results 
showed high compliance with the experimental results and 
it was the most significant for processing of small 
particles. ECSIM software was used for the simulation. 
Zhang S. et al., [4] explored the justification of applying of 
eddy-current separators. It is shown that the use of this 
separator can provide a high percentage of separation of 
aluminium waste. 

Kohnlechner R. et al., [5] showed a new type of 
separator that takes the influence of variable magnetic 
forces and translation of particles. Lungu M., [6] presented 
the operation of a new type of separator which separates 
metallic particles in two stages: firstly, the high 
conducting particles are separated on the upper part of the 
drum, and then the remaining low conducting particles are 
separated at the lower part of the magnetic drum. Lungu 
M. and Schlett Z., [7] gave the solution for a new vertical

drum eddy-current separator for separation of small 
particles with the size of 2-8 mm. Permanent magnets are 
placed vertically. Comparative analysis has proved that it 
was successfully applied and the costs of the equipment is 
lower than that of the horizontal drum eddy-current 
separator. 

Cui J. and Forssberg E., [8] gave an overview of 
the significance of mechanical recycling of electronic 
waste as a review of the directives for governing in this 
area. The paper by Fengjie Y. et al., [9] showed that forces 
in the particles of waste and the separation effect directly 
affect the flying distance of separated waste. In the paper, 
simulation of the process is carried out by the finite 
element analysis of the magnetic roller based on 
COMSOL software, and the flying distance was got by the 
joint simulation of COMSOL software and MATLAB 
software. Ruan J. et al., [10] considered the eddy-current 
separator parameters that should be set to increase the 
separation effect of small crushed particles of aluminium 
waste. The critical speed of separation and the detachment 
angles of crushed aluminium particles are defined. 

The paper by Li J. et al., [11] shown an innovative 
method for separation of printed circuit board from 
unsorted waste. A model trajectories of particles was 
performed by computer simulation and optimal speed of 
feeding belt and rotating speeds of magnetic roller are 
determined. Fenercioglu A. and Barutcu H., [12] analysed 
the force for aluminium waste separation using by FEM, 
taking into consideration drum speed, air gap between the 
material and the magnet pole, dimensions and conductivity 
of the material and magnet height. The same authors 
Fenercioglu A. and Barutcu H., [13] analysed the 
separation of crushed aluminium and copper cables. 
Analysis was performed using by FEM. Optimal conveyor 
feeding belt and rotating speeds of the magnetic drum are 
defined. 
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2. DESCRIPTION OF THE SEPARATOR EcMS-500 
Eddy-current separator is an important component 

in the recycling chain. This machine is used for separation 

of non-ferrous metals, preferably aluminium, brass and 
copper, from unsorted or partially-sorted waste. 

 
Figure 1: Position of eddy-current separator in the recycling process 

In the recycling chain, bigger pieces are usually 
separated first (cardboard packaging, PET, etc.), then the 
metallic waste (separator of ferrous metallic waste) and 
finally, eddy-current separator that separates non-ferrous 
metals: aluminium, copper and brass of other non-metal 
waste. Vibrating feeder is often placed in front of eddy-
current separator, distracting complete waste over conveyor 
belt to allow easier separation of non-ferrous metals (Figure 
1). 

 
Figure 2: Sketch of magnetic roller and conveyor belt 

The main segments of eddy-current separator at place 
of separation of waste are: conveyor belt, separator’s 
magnetic roller shaft, magnetic and non-magnetic roller, 
supply hopper, electro-motor for magnetic roller shaft and 
conveyor belt drive. 

Magnetic roller is a key component of eddy-current 
separator that is formed by alternately positioned permanent 
magnets in the S-N-S direction (Figure 2). 

Magnetic roller, which is attached to the drive shaft, 
rotates at high speed. Non-magnetic roller, which is also 
connected to the drive shaft, rotates at considerably lower 
speed, in conjunction with the belt which is bended over it 
(Figure 3). Magnetic rotor is consisted from the shaft and 
permanent magnets, which are alternately positioned in the 
S-N-S pattern. Rotation of the magnetic roller creates an 
eddy magnetic field. When non-ferrous metal waste passes 
over the non-magnetic roller (cans, in this case), a magnetic 
field is created with an opposite polarity relative to the 
magnetic roller, which leads to the repulsive force in the 
non-ferrous metal. The intensity of the separation force is 
influenced by many parameters, including the speed of the 
magnetic roller, conveyor belt speed, the material 
characteristics (conductivity and density of the waste 
material are dominant). The higher conductivity and lower 
density of material creates higher force of separation. Size 
and shape of the material also affect to the intensity of the 
force of separation. 

The materials being sorted are different in shape, 
size, density, etc., and it is difficult to issue conclusions 
about the intensity of the force without laboratory testing. 

The direction of the force Fr acting on the metallic 
waste is shown in Figure 3. In the initial phase, the force of 
gravity is greater than the repulsive forces Fr, so the material 
stays in contact with the belt. When the value of the vertical 
projection of the force Fr exceeds the value of the force of 
gravity, waste separation occures. Non-magnetic material 
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continues to move on the conveyor belt, passing over the 
roller and the centrifugal force acts on it. Receiving hopper 

has, in its middle part, a splitter that separates non-metallic 
waste and non-ferrous metals. 

Figure 3: The principle of separation of aluminium cans 

Figure 4: Basic functioning principle of eddy-current separator 
As shown in Figure 3, the material is ejected and its 

movement represents the projectile motion, and the initial 
speed is important for the ejection distance of the object. 

The characteristics which are significant for the 
separation of non-ferrous metals are the shape and the size 
of the pieces, density and conductivity of pieces, and also 
humidity of the metal pieces, adhesion, a fibrous properties 
of the material, etc. Besides this, the separation process may 
be affected by design parameters of eddy-current separator 
such as belt speed, rotor speed, way of delivery of unsorted 
waste, rotor design which directly determines the magnetic 
flux and magnetic frequency, type of magnet, etc. 

According to the solution of the magnetic roller, 
there are two major type of eddy-current separator: with a 
centrically mounted axes of non-magnetic and magnetic 
rotor (Figure 4a) and with an eccentrically mounted axes of 
non-magnetic and magnetic rotor (Figure 4b). 

Eccentrically mounted rotor is technically 
complicated to perform and produce. In this separator, 
magnetic field bandwidth is smaller, so that the non-ferrous 

metal is in a shorter time period exposed to the effects of 
magnetic force. Separator EcMS-500 is constructed in a way 
where the axis of the magnetic and non-magnetic rotor are 
mounted centrally. This concept was chosen because it does 
not require installation of any electronic equipment, it is 
easy for maintenance and does not require a clean and dry 
working conditions. Also, the selection of the solution type 
is affected by the fact that it is known that cans are the 
dominant type of non-metal waste. 

3. TESTING OF SEPARATOR EcMS-500
In order to define the basic performance of the 

magnetic separator EcMS-500, depending on the user 
requirements, it is not always necessary to measure the force 
on magnetic roller. Since the primary function of the 
separator EcMS-500 is separation of cans from the unsorted 
waste, it is assumed that it is enough to measure the 
horizontal distance where the cans fall into the receiving 
hopper, having in mind that the paper [11] shows that the 
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horizontal distance is directly dependent on the size of the magnetic force. 

 
Figure 5: The effect of changes of number of revolution of magnetic head to the length x 

 
Figure 6: The effect of changes of belt speed to the length x 

Measurements were performed on existing solution 
design of EcMS-500 separator. 

The ejection distance of cans depends on various 
parameters, but in this paper an influence of the number of 
revolution of the magnetic roller (Figure 5) and the effect of 
changing of the belt speed of the belt conveyor (Figure 6) 
are analysed. In both cases, during the examination, there 
were used two types of cans: cans of regular shape, i.e. those 
that are not crushed and totally crushed cans that have a 
minimum volume of form. 

The main technical characteristics of the conveyor 
are: the height of the upper edge of the roller from the floor 
is 880 mm, the angle of the conveyor of the magnetic 
separator to the horizontal is 10°, and the width of the 
conveyor is 500 mm. While varying the number of 
revolution of the magnetic roller, the conveyor belt speed 

was v = 1 m/s. While varying the speed of the conveyor belt, 
the speed of the magnetic roller was n = 2000 min-1. 

It should be noted that the measurement was carried 
out so that the conveyor contained only aluminium cans 
without other waste. In this way, the obtained values of the 
horizontal distance where the cans fall is certainly greater 
than in the exploitation conditions. However, this does not 
reduce the significance of the results obtained, because the 
investigated parameters are the speed of rotation of the 
magnetic rotor and the speed of the conveyor belt. The test 
results showed that with increase of the number of 
revolution per minute (Figure 5) over 2000 min-1, the 
increase of the distance where the cans fall is very small. 
This applies to both types of cans, while the distance is 
shorter in case of totally crushed cans. Influence of the 
speed of the conveyor belt can be seen in Figure 6. When 
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the belt speed increases above 1 m/s, the distance (x) is 
growing rapidly. The results shown in Figure 5 and Figure 6 
were obtained by averaging the values of large number of 
repetitions. Also, for retesting with the changed parameters, 
the same set of cans was used and with the same order of 
placing on the conveyor belt. Changing the speed of the 
magnetic and non-magnetic roller was performed via 
frequency converters.Design of the magnetic separator 
EcMS-500 is shown in Figure 7. 

Figure 7: Layout of solution for the magnetic separator 
EcMS-500 

4. CONCLUSION

This paper presented the basic technical 
characteristics of eddy-current separator EcMS-500, where 
the axis of the magnetic and non-magnetic rotor are 
mounted centrally. 

Dependence of the horizontal length of the trajectory 
of the ejected cans on the number of revolutions of the 
magnetic roller is defined. It was noticed that the increase of 
the number of revolutions per minute of the magnetic roller 
over 2000 min-1 leads to slight increase in the horizontal 
length of the trajectory. Since the horizontal length of the 
trajectory directly depends on the magnetic force, it is 
concluded that higher speed of the magnetic roller (more 
than 2000 min-1) leads to slight increase of the magnetic 
force. This conclusion is important for the construction of 
eddy-current separators, because the increase of the number 
of revolutions per minute increases the centrifugal force of 
the magnets, which burdens their connection with the shaft 
of the magnetic roller. 

Dependence of the horizontal length of the trajectory 
of the ejected cans to the conveyor belt speed is defined. It 
was observed that as the belt speed increases significantly, 
the intensity of separation force increases rapidly. This 
especially refers to the belt speed above 1 m/s. Increasing 
the speed also dictates the layout and content of the machine 
in the sorting line. 

For both cases, it is shown that the shape and 
condition of cans affect the intensity of separation force. 
Nevertheless, the existing solution of the magnetic roller 
induces a separation force with sufficiently high intensity 
for any form of cans. 
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The paper analyses the possibility of revising the existing maintenance program of special vehicle engine by 

applying RCM methodology. The main objective in considering the application of the new maintenance methodology was 
to improve the effectiveness and efficiency of the maintenance of the internal combustion engine, retaining the required 
reliability of the engine. Analysis was carried out on the fuel supply engine subsystem, which is the most critical engine 
subsystem from the standpoint of the number of failures in the observed period during its exploitation. As a result of these 
systematic analyses, the maintenance concept of the critical parts and assemblies of the fuel supply subsystem were 
selected and the intervals of realization proposed maintenance activities in accordance with a predefined request that the 
reliability of the fuel supply engine subsystem is not less than 0.985. Based on the results, the conclusion is that the 
application of RCM for special vehicle engine would be justified since it would contribute to improving the effectiveness 
and efficiency of maintaining the engines. 

Keywords: Reliability Centered Maintenance, Engine, Failure, Special vehicle 

1. INTRODUCTION

Special vehicles engine has an important role in 
achieving of one of the three key characteristics of special 
vehicles – the mobility. Maintainability, cost effectiveness 
of maintenance, reliability and readiness are very 
important factors of special vehicles engines. 

This paper aims to analyse revision possibility of 
the existing maintenance program of a special vehicle 
engine by applying Reliability Centered Maintenance 
(RCM) methodology. RCM is one of the best known and 
most used tools to preserve the operational efficiency and 
reliability of large and complex systems (marine, aircraft, 
etc.), so the consideration of its application possibility on 
special vehicles is a real challenge. Expectations of this 
methodology application are to improve the readiness and 
availability of technical systems, which is very important 
for special vehicle. 

RCM applies a systematic approach to determine 
the maintenance requirements of system in its operating 
context. It is often used to optimize preventive 
maintenance (PM) strategies. 

2. RELIABILITY-CENTERED MAINTENANCE
METHODOLOGY

Reliability-centered maintenance (RCM) is the best
mix of reactive, time or interval-based, condition-based, 
and proactive maintenance practices. These principal 
maintenance strategies, rather than being applied 
independently, are integrated to take advantage of their 
respective strengths in order to maximize facility and 
equipment reliability while minimizing life-cycle costs [5]. 

The components of RCM program are shown in 
Figure 1. This figure shows that RCM program consists of 
(reactive maintenance, preventive maintenance, condition 
based maintenance, and proactive maintenance) and its 
patterns. 

Figure 1: Components of RCM program 
As shown in Figure 2, the RCM steps are 

presented. The steps describe the systematic approach used 
to implement the preserves the system function, identifies 
failure mode, priorities failure used to implement the 
preserves the system function, identifies failure mode, 
priorities failure modes and performs PM tasks. 

3. ANALYSIS OF THE POSSIBILITIES OF
APPLICATION OF RCM METHODOLOGY FOR 
MAINTENANCE OF THE SPECIAL VEHICLE 

ENGINE 

Special vehicles engine subsystems that had 
defined maintenance and in accordance with the Pareto 
principle are found in 20-30% of engine subsystems which 
had 70-80% of the recorded engine failures in the 
observed period, will be subject to revision of current 
maintenance. At the end, there will be made selection of 
appropriate maintenance concept for assemblies and parts 
of the most critical engine subsystem. 

In this regard, there will be carried out failure 
analysis for individual subsystems of the special vehicle 
engine in the observed period of exploitation. The engine 
subsystem that shows critical from the standpoint of 
reliability will be subject to consideration of the possibility 
to apply RCM methodology in the context of the revision 
of the existing maintenance program engine. Access to 
maintenance revision of the most critical engine subsystem 
would be further applied to other engine subsystems. 
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Additionally, should be done rationalization of 
maintenance activities intervals. 

 
Figure 2: Main steps of the RCM 

The main objective was to create conditions using 
some engineering methods and analysis for the Condition 
Based Maintenence (CBM) algorithm selection in order to 
systematically, in addition to previously preventive and 
corrective maintenance, consider the options for the 
application and other suitable concept maintenance with 
priority of maintenance according to the condition. 

Revision of preventive maintenance and selection 
of concepts in the new maintenance algorithm should 
primarily achieve engine reliability improvement with the 
possibility of the maintenance cost reduction. 

Also, as imperative is given the task to analyze a 
lack of preventive maintenance activities in existing 
maintainance, which could be the cause of the unexpected 
failures with possible safety or major systematic effects. 

3.1. Determining the Probability and Cumulative Density 
Function of engine operating time to failure 

 
Calculating an adequate mathematical model that 

can represent a principle of special vehicle engine 
performance during its exploitation, in terms of the 
appearance of failure, is one of the first steps to be 
undertaken. Based on the calculated results, there can be 
done an analysis of existing maintenece programs and if 
necessary, their revision in order to primarily optimize the 
engine maintenance in terms of improving its reliability. 

For the purposes of this paper, the efficiency of the 
existing maintenance program has been carried out on 
twelve-cylinders diesel engine with 735 [kW] which is 
built-in in special vehicle. 

There has been conducted a data collection of the 
engine operating times to the failure expressed in engine 
operating hours (EOH), which were obtained by observing 

the vehicle exploitation and are shown in Table 1. Data 
were recorded only for engines that had failure. There are 
shown 105 records of times to engine failure, which is 
more than sufficient statistical collection in relation with 
the optimal plan of short tests for assessing the reliability 
(with the approved variation coefficient of 0.5, a priori 
relative error of assessment of the reliability of work of 
0.05 and an initial number of necessary records of 40) [1]. 
The procedure for determining the Cumulative Density 
Function of engine operation time to failure, on the basis 
of empirical data, is executed in three steps. There have 
been estimated indicators of reliability in the first step. In 
the second step, based of the values obtained in the first 
step, are determined the theoretical models of the 
distribution for the approximation of the empirical 
distribution. Afterwards, in the third step is determined the 
confirmation approval of adopted theoretical model of the 
distribution with empirical distribution [1]. 
Table 1: Data of the engine operating times to the failure 

Ordinal 
number of 

failure 

Operating 
time to 
failure 
[EOH] 

Ordinal 
number  

of failure 

Operating 
time to 
failure 
[EOH] 

Ordinal 
number  

of failure 

Operating 
time to 
failure 
[EOH] 

Ordinal 
number  

of failure 

Operating 
time to 
failure 
[EOH] 

Ordinal 
number  

of failure 

Operating 
time to 
failure 
[EOH] 

1 135 22 345 43 392 64 448 85 523 

2 166 23 355 44 397 65 448 86 523 

3 221 24 355 45 400 66 449 87 526 

4 221 25 360 46 404 67 459 88 526 

5 229 26 360 47 404 68 464 89 532 

6 248 27 363 48 406 69 466 90 536 

7 251 28 367 49 406 70 473 91 546 

8 260 29 371 50 407 71 473 92 561 

9 263 30 372 51 409 72 474 93 561 

10 272 31 379 52 415 73 474 94 569 

11 294 32 379 53 415 74 480 95 572 

12 294 33 380 54 415 75 480 96 572 

13 307 34 382 55 415 76 486 97 581 

14 317 35 382 56 416 77 488 98 581 

15 317 36 382 57 419 78 495 99 586 

16 320 37 384 58 436 79 496 100 605 

17 320 38 391 59 436 80 496 101 605 

18 322 39 391 60 438 81 498 102 609 

19 331 40 391 61 444 82 498 103 615 

20 332 41 391 62 447 83 498 104 634 

21 345 42 391 63 447 84 521 105 643 
  
3.1.1. The assessment of the reliability indicators 

 
Based on the records from Table 1 the law of 

reliability distribution can be calculated. 
From Table 1, it can be seen that: 
- the total number of data (sample size): n=105, 
- minimum operating time to failure: tmin= 135 

[EOH], 
- maximum operating time to failure: tmax= 643 

[EOH]. 
From the data presented in Table 1 statistical 

measures are calculated: 
- mean operating time to failure: tmot= 423.5619 

[EOH], 
- the standard deviation of operating time to 

failure: SD= 105.24 [EOH], 
- median operating time to failure: median = 415 

[EOH], 
- rang (range) operating time to failure: rang= 508 

[EOH]. 
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Based on the calculated statistical measures, the 
coefficient of variation is calculated as follows: 

CV=SD/tmot =0.25. 

Since the calculated value of the coefficient of 
variation is less than approved (CV=5), it can be started 
with determining of Probability Density Function of 
engine operating time to failure. 

The number of intervals of operating time to failure 
is determined by the formula [2]: 

z=1+3.3·log10(n) = 7.67, so it adopts a number of 
intervals: z = 8. 

Table 2: The estimated value of reliability indicators 
i ni svint cnis f F R h 

1 2 166.75 1 0.000287 0.008772 0.991228 0.000289 

2 6 230.25 4 0.00086 0.035088 0.964912 0.000891 

3 10 293.75 9 0.001433 0.078947 0.921053 0.001556 

4 19 357.25 18.5 0.002723 0.162281 0.837719 0.003251 

5 29 420.75 33 0.004157 0.289474 0.710526 0.00585 

6 17 484.25 41.5 0.002437 0.364035 0.635965 0.003831 

7 13 547.75 48 0.001863 0.421053 0.578947 0.003218 

8 9 611.25 52.5 0.00129 0.460526 0.539474 0.002391 

Symbols used in Table 2 have the following 
meaning: 

i - ordinal number of the interval, 
ni - number of failures in the interval, 
svint - the mean value of the interval [EOH], 
cnis - the estimated value of the number of failures 

in the middle of the interval (calculated as the arithmetic 
mean of the number of failures at the beginning and the 
end of the interval); 

f [EOH-1] = ni/(n·∆t) - Probability Density 
Function, n = 105 sample size, ∆t = rang/z, 

F [-] = cnis/n - Cumulative Density Function 
R [-] = (n-cnis)/n = 1-F - Reliability Function, 
 λ [EOH-1] = f/R - Failure Intensity Function. 
Figures 3. and 4. give a graphical representation of 

the estimated indicators of reliability. 

Figure 3: Estimated value of failure state density graph 

Figure 4:Estimated value of reliability function graph 
3.1.2. Determination of the distribution model and 
parameters with the evaluation of the compliance  

In order to determine the theoretical distribution 
model which could be used to approximate the empirical 
distribution, there was used an approximation of the 
empirical distribution with theoretical Weibull (Weibull), 
exponential, Rayleigh (Rayleigh) and normal distribution. 
Rating of compliance of the empirical and theoretical 
distributions was conducted by using the Kolmogorov-
Smirnov test and Pearson test of Romanovski. 

For the statistical analysis of data was used the 
Statistics Toolbox for use with MATLAB [3]. 

As quantitative deviation indicators (Dn and χ2) for 
two of the three applied tests, are the far smallest for 
Weibull distribution, Figure 5., for the approximate model 
of the special vehicle engine reliability has been adopted 
the two-parameter Weibull distribution with Scale 
parameter ηw=463.6393 and Shape parameter βw=4.5746, 
so the formula for reliability function of engine is: 

4.5746

463.6393)(
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−

==
tt

eetR
w

w
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When calculating the reliability function according 
to the preceding equation, the variable t is expressed in the 
EOH. 

Figure 5: Graphic display of Weibull approximate 
distribution from the empirical distribution deviations 
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3.2. Selection of the critical engine subsystem 
 
For further consideration of the engine maintenance 

program revision, on the basis of collected data on engine 
failure and calculating the engine reliability function, from 
the standpoint of number of failures of its components and 
subsystems in the observed period, it is chosen the most 
critical engine system of special vehicle - Fuel supply 
subsystem.  

Namely, out of a total of 105 analyzed failures, 74 
of them referred to the failures of devices, subsystems and 
components of the Fuel supply subsystem, which 
according to the Pareto principle contribute with 80% in 
the cost of engine maintenance, Figure 6. 

Fuel supply subsystem is designed for storage, 
purifying and supply of the necessary quantities of fuel 
into the engine cylinders. The system also provides the 
fuel needed to operate the engine preheating system, 
engine cold start system, smoke screen forming system, as 
well as the overflow of the excess fuel from High Pressure 
Pump (HPP), injectors and heating system for the engine. 
Fuel supply subsystem comprise: the fuel tank, fuel 
distribution valves, electric pump for fuel supply, low-
pressure pump, double-purifier tank, HPP, injectors, one-
way valve for the fuel overflow, vent, pipes, hoses and 
electric fuel pump switches. 

 
Figure 6: Number of failures by individual subsystems of 

the engine in the observed period 

3.3. Identification of the maintenance activities 
 
When identifying maintenance activities from the 

previous maintenance program, all planned activities of 
preventive maintenance for systems and subsystems of the 
engines were analyzed with the special emphasize to the 
analysis of the activities of maintenance programs that 
were related to the maintenance of the fuel supply engine 
subsystem. Preventive maintenance of subjected engine 
consists of Basic Maintenance (prior, during and after 
exploitation check), Periodic Maintenance (which is 
performed at least 2 times per month), 1st Technical 
Inspection (after 180 EOH) and 2nd Technical Inspection 
(after 350 EOH). Technical Inspection is performed by 
people from the technical workshop with the participation 
of the vehicle crew, who primarily perform basic work like 
washing, cleaning, lubricating, and other works entrusted 
by the specialists who perform supervision and checking 
of executed works. 

During the analysis of the preventive maintenance 
activities it was concluded that provided technical 
guidelines do not plan activities on preventive 
maintenance of critical components and elements of the 
fuel supply engine subsystem of the vehicle, except 
checking the seals and tension of fuel tank caps, draining 
the fuel tanks with discharging of sludge from the tank, 
washing the vent with a float opening and washing of 
coarse fuel filter. 

3.4. Failure modes and effects analysis 

Failure modes and effects analysis (FMEA) is a tool that 
examines the potential system or process failures and helps 
to determine the specific activities in the field of 
maintenance in order to avoid the consequences of 
identified failures. Table format allows easy and simple 
overview of the analysis. FMEA helps to identify ways of 
creating functional failures. Table 4. represents the FMEA 
for the most critical fuel supply engine subsystem. It was 
performed FMEA at the local level, then at the level of the 
engine, and finally the analysis of the final effect of the 
failure to the entire special vehicle's mission, from the 
standpoint of whether it is a hidden failure, failure danger 
to the security of the system or the environment, failure 
with consequences for the system's functioning or failure 
without consequences for the system's functioning. 
3.4.1. Failures risk analysis 

 
Consequences of failures can be categorized in 

various ways. The risk analyisis of the fuel supply engine 
subsystem failures was performed, with analysis how the 
consequences of failure affect on availability and security 
as two key parameters essential for consideration of 
appropriate maintenance procedures of this engine 
subsystem. Also, the risk analysis takes into account the 
values of the particular engine systems. The performed 
failures risk analysis should serve for the ranking of the 
individual parts and assemblies of the fuel supply 
subsystem regarding prioritization of their maintenance 
work, reliability and availability improvement, 
maintenance cost reduction and others. 

The effects of failure regarding safety were taken 
with a weight factor of 30%, the effects on availability of 
40% and the effects related to the costs of 30%. It has been 
carried out risk failures categorization into 4 categories of 
A, B, C and D, depending on the criticality of the index, as 
shown in Table 3. 

Table 3: Groups of the risk index 

Group The risk index 
A 3-2.5 
B 2.5-2 
C 2-1.5 
D 1.5-1 

 
Due to the volume of work for risk analysis for a 

complete engine, it was performed the failures risk 
analysis for the fuel system as it is the most critical 
engine's system. In Table 4 are given indices which belong 
to the risk group of individual parts and components of the 
fuel subsystem. 
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         Table 4: FMEA and groups of risk 
Elements and 
assemblies of 
fuel supply 
subsystem 

The modе and effect of 
failure The cause of failure 

A 
group 
risk 

H
ig

h-
pr

es
su

re
 p

um
p 

(H
PP

) 
w

ith
 c

om
m

an
ds

 

Decreased power of 
engine. 

Elements of HPP not work (Worn out of element is the 
main cause of failure) B 

HPP Regulator not work properly (Worn out of regulator 
or cracking of the spring regulator). B 

No well-setting of HPP commands. B 
No well-tuned fuel injection angle. B 

The engine achieves 
high revs (may cause 
large damage)  

High pressure pump Rack and Pinion Mechanism is 
blocked (engine develops speed higher than the 
maximum)  

А 

In
je

ct
or

s Decreased power of 
engine. 
Engine smokes and not 
develop full power. 
Engine noises. 

The defective injectors (uncontrolled leakage of fuel 
through a nozzle needle spray hole, nozzle needle is 
blocked or not close well, fracture of the return spring) 

B 

Lo
w

-
pr

es
su

re
 

pu
m

p Engine cannot start or 
starts but after the first 
revs stops. 

Low pressure pump not deliver fuel to HPP. C 

Fu
el

 
fil

te
rs

 

Engine cannot start. Dirty filters or fuel pipelines closed. B 

Pi
pe

lin
es

 
fu

el
 

as
se

m
bl

ie
s  Engine noises. 

Engine cannot start. 
Engine after the first 
revs stops. 

Air in the fuel supply subsystem. C 

At this step is achieved a key activity preparation 
for the determining of the maintenance on the basis of the 
result of failure concept, and not for maintenance due to 
failure occurrence. In other words, it is attempted to have 
the maintenance that manages the failures and not the 
failures that manage the maintenance. 

3.5. Decision algorithm 

Decision algorithm (DA), shown in Figure 7, is 
used to decide whether to use the corresponding optimal 
maintenance concept. The figure shows that making 
decisions, takes into account three key parameters: 1) 
security 2) availability 3) costs. After the completion of 
certain engineering methods mentioned in the previous 
section as well as performing the analysis of th repairs 
level, every possible failure mode is introduced into the 
algorithm by answering the typical questions through DA, 
so depending on the response and algorithm branch 
direction it is come to the final guidelines and proposals 
for the selection of optimal maintenance concept for that 
type of failure.For each maintenance activity is analyzed 
the technical feasibility and effectiveness, as already 
described. It is not ruled out and the selection of corrective 
maintenance for failure modes extracted from preventive 
maintenance, because it could be determined that some 
maintenance actions were previously identified on false 
assumptions. As for failure modes extracted from the 
earlier corrective maintenance, the assumption is that the  
majority of them will be again within the corrective 
maintenance after the application of the DA. 

Figure 7: RCM decision algorithm 

3.6. Selection of the optimal maintenance concept 

After performing the above given analysis, it starts 
the selecting of optimum condition based maintenance by 
single engine subsystems, where for this particular case 
this will be presented only for the fuel supply subsystem.  
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One of the major advantages of using RCM 
methodology for maintenance is a mode that enables easy, 
precise and easily understandable criteria for deciding 
which (if any) of the preventive tasks is technically 
feasible in any context, and if so to decide how often they 
should be done and who should do it.  

When considering the possibility of determining the 
concept of maintenance by the individual elements and 
engine fueling system assemblies, the main condition was 
that the reliability of the engine is less than 0,985. 

Concepts of maintenance that were considered in 
the selection of the fuel supply subsystem maintenance 
concept were: run to failure (RTF) or corrective 
maintenance, maintenance on the basis of time resources 
(TD) and condition based maintenance (CD). The selected 
maintaining concepts by individual assemblies and 

elements of the fuel supply engine subsystem with the 
intervals of their implementation are illustrated in the 
Table 5. 

3.6.1. Rationalization of maintenance intervals 

When the selection of maintenance concept is 
completed, as the result is obtained a set of maintenance 
actions within different time intervals, which is, from the 
viewpoint of efficiency, necessary to group into a certain 
maintenance programs or to incorporate into existing ones. 
One of the reasons may be that some maintenance actions 
are performed by crew and some require the capacity and 
resources of the repair facility, like engine test benches 
and stands or other specialist's equipment. 

Table 5: Selection of the optimal maintenance concept and maintenance intervals 

Elements and 
assemblies of 
fuel supply 

engine 
subsystem 

Ordinal 
number 

The concept 
(task) of 

maintenance 
Description of maintenance activities Frequency 

[EOH] 

H
ig

h-
pr

es
su

re
 p

um
p 

(H
PP

) w
ith

 
co

m
m

an
ds

 

1 TD 

Checking of setting commands of HPP and, if 
necessary, adjust it. Crew of vehicle is not carried 
out the setting of the commands. A mechanic 
performs the mentioned activities. 

100 

2 CD 

Dismantling and testing of HPP on bench. The 
engine is not removed from the vehicle. The 
activities are carried out by expert team from 
Overhaul Institute. 

200 

3 CD 

Disassembly and overhaul of HPP depending on 
condition of HPP. Then, assembly and setting of 
HPP on the bench. Checking of injection angle 
setting and, if necessary, adjust it. The activities are 
carried out by expert team from Overhaul Institute. 

400 

In
je

ct
or

s 

4 TD 

Dismantling and test of injectors on bench. 
Depending on of the test results, injector shall be 
replaced or repaired. The activities are carried out 
by expert team from Overhaul Institute. 

200 

Lo
w

-p
re

ss
ur

e 
pu

m
p 

(L
PP

) 

5 RTF 

In the previous period, the LPP was extremely 
reliable the assembly without failure. The proposal 
is that the LPP runs to failure without taking action 
on preventive maintenance. 

Fu
el

 fi
lte

rs
 

6 CD 

It is necessary to carry out a visual inspection of the 
fine filter cartridge. If during the inspection of 
filters, filter cartridges do not meet the declared 
characteristics, it should be replaced. 

100 

Pi
pe

lin
es

 fu
el

 
as

se
m

bl
ie

s 

7 TD 

The emergence of air in the fuel supply subsystem 
is the result of the leakage of fuel, cracking pipes, 
bad hermetic of filter fuel. Checking of the 
subsystem is carried out on each of 100 [EOH], by 
a mechanic. 

100 

For example, two or more maintenance activities 
require repair capacity, and should be performed in a 
different, close time interval. In this case, from the 
standpoint of cost effectivness and overall readiness is 
better to perform them in one interval.  

If the maintenance activity which is determined by 
the interval, is faced with shortening the interval, the 
higher maintenance costs will occur. This is obvious 
because the maintenance activities are more frequent.  
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On the other hand, if the maintenance interval is 
extended, the maintenance costs will decrease, but 
increases the risk of failure. Here the problem of 
rationalizing interval will not be considered in detail, so 
only the basic remarks are given, bearing in mind that the 
optimal maintenance intervals of other engine's systems 
and other components of the vehicle systems are not 
known. 

In this specific case of the fueling system, the 
maintenance intervals of the single assemblies and 
subsystems are determined so that the following interval is 
obtained by multiplying the basic one. In addition, the 
proposal is that interval of 1st Technical Inspection of an 
special vehicle engine, shifts from the existing (180 EOH) 
to 200 [EOH] with additional maintenance activities, 
which are given in Table 5. (except the activity at the 
ordinal number 3.), and the current interval of the 2nd 
Technical Inspection (350 EOH) is to be performed at 400 
[EOH], after expanding the content of maintenance 
activities according to Table 5. (except the activity in the 
ordinal number 2.), by removing the engine from the 
vehicle, and performing a complete test and diagnostics at 
the test table. Depending on the condition of the engine, 
the further activities would be undertaken in order to bring 
it to functionally correct state. 

4. CONCLUSION
The paper analyses the possibility of revising the 

existing maintenance program of special vehicle engine by 
applying RCM methodology. Analysis was carried out 
for the fuel supply engine subsystem, which was showed 
as the most critical subsystem from the standpoint of 
the number of failures in the observed period during 
its exploitation. As the result of these systematic analyses, 
the maintenance concepts of the critical parts and 
assemblies of the fuel supply subsystem were 
selected and the intervals of realization proposed 
maintenance activities in accordance with a predefined 
request that the reliability of the fuel supply engine 
subsystem is not less than 0.985. 
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Compared to the existing program of the fuel 
supply subsystem preventive maintenance, a new program 
proposes additional maintenance activities as a condition 
based maintenance and maintenance on the basis of time 
resources of critical assemblies and elements of engine 
subsystems that are not covered by the current program of 
preventive maintenance. In order to optimize the 
maintenance interval, the recommendation is that proposed 
additional maintenance activities should be included 
during the first and second Technical Inspection with a 
slight extension of their maintenance interval. 

Keeping in mind overall contents of the carried out 
analysis, which preceded the selection of maintenance 
concept of critical assemblies and elements of the fuel 
supply subsystem, the conclusion is that the application of 
the basic principles of the RCM methodology during the 
choice of optimal maintenance concepts and for other 
engine subsystems and by optimizing the interval of their 
execution would create conditions to significantly improve 
the effectiveness and efficiency of maintenance and thus 
the reliability and availability of these types of engines. 
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The analysis of the possibility of applying hydrodynamic couplers between the drive electromotor and the gear 
reducer was carried out in the biggest Serbian mine in order to improve and modernize the operation of belt conveyors. 
This paper contains the basic parameters of these couplers manufactured by Voith, as well as the critical comment on their 
eventual application. 
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1. INTRODUCTION
The hydrodynamic coupler consists of the two 

working circuits: the pump circuit (P) - the entrance, 
connected to the drive engine shaft and the turbine circuit 

(T) – the exit, which is connected to the working machine
shaft. Both circuits are placed in the common housing
filled with oil [1].

Figure 1: The mechanisms of the hydrodynamic coupler: the pump working circuit (on the left), the turbine working circuit 
(in the middle) and the outer covering (on the right); the cross-section of the coupler 

The rotation of the pump circuit speeds up the 
working fluid which enters the working space of the 
turbine circuit with the increased kinetic energy which is 
further transferred to the working machine.  

Namely, the oil as a working fluid flows at a great 
speed exposed to the low pressure in the closed 
circulation circle formed by the blades of the working 
circuits. When the speed of the working oil movement 
is increased, the mechanical energy of the engine is  

transformed into the kinetic energy of the oil in the 
channels of the pump circuit. The reverse process takes 
place in the channels between the blades of the turbine 
circuit.  

The oil is slowed down there, i.e. its kinetic 
energy is transformed again into the mechanical energy 
of the turbine circuit.  

In this manner, the energy transfer from the pump 
circuit to the turbine circuit is performed hydraulically [1]. 
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Figure 2: The scheme of the principle of operation of the hydrodynamic coupler 
 

2. THE ANALYSIS OF THE POSSIBILITY OF 
INSTALLING THE VOITH TURBOCOUP-LER TVVS 

ON THE BELT CONVEYOR 
 
The Voith couplers are specially designed to 

adjust to working with different working fluids [2]: 
• Oil-standard use, 
• Water-especially in underground exploitation (TVV 

couplers), EP 
• fluid (Environment Pollution-free Fluid) – 

biodegradable, 
• Hi-fluid (High flash point fluid) -  does not contain 

chlorinated hydrocarbon or phosphoric ester. The 
fluid density is smaller than water density. 

 

 
 

Figure 3: The basic types of the couplers with the constant 
quantity of oil: T (on the left), TV/TVV (in the middle) and 

TVVS (on the right) 
 

The consequences of irregular pouring of oil may be 
the following [2]: 

• When there is too much oil: 
- It takes more time to start the engine, 
- The engine cannot be started at all, 
- The engine cannot reach its nominal speed. 

 

• When there is too little oil: 
- It takes more time to start the machine, 
- The machine cannot be started at all, 
- The machine operates with the increased slippage. 

 

 
 

 
 

 
 

Figure 4: The hydrodynamic coupler Voith 750 TVVS 
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Table 1: The differences between the drive through the 
inner and the outer working circuit [3] 

Drive through the 
outer working 

circuit 

Drive through 
the inner 

working circuit 
The weight 

of the 
coupler 

Affects the 
reducer shaft 

Affects the 
engine shaft 

Inertia 

Less inertia on the 
reducer side 

(fewer blows in 
the event of a 

sudden blockage) 

Greater inertia 
on the reducer 

side 

Pouring of 
the fluids 
and the 
amount 
control 

Easy - the coupler 
housing turns 

around even if the 
brake is closed 

The entire 
machine must be 
started in order 

to perform 
inspection 

Starting Always acts the 
same at starting 

Emptying of the 
slowdown 
chamber 

depends on the 
characteristics of 

starting – the 
starting can be 

problematic 
during the 

blockage of the 
belt conveyor 

Cooling Always the best 
possible 

Less-especially 
during the 

starting and 
blockage 

Starting 
characteri-

stics 

The Voith turbo 
couplers are 
optimal for 

starting the belt 
conveyors through 
the outer working 
circuit (the mixed 
profile in the inner 
working circuit) 

Slippage Less Greater 

Brake 
installation 

The construction 
with a shaft / 

additional brake 
flange necessary 

The lower price 
for the brake 

installed on the 
elastic coupler 

The special properties of TVVS coupler in 
comparison to the other types are [2]: 

• the lengthened slowdown chamber and the
additional rim chamber,

• this type has thermal capacity increased by 15%
which allows the coupler to be started more often,

• the heat removal is faster by 10% providing faster
cooling and shortening the period between two
consecutive starts.

Figure 5: The coupler parts: 1 - the radial sealing ring, 
2 - the ball bearing, 3 - the outer working circuit, 

4 - the inner working circuit, 5 - the coupler housing,  
6 - the ball bearing, 7 - the radial sealing ring, 8 - the 
counterweight, 9 - the frictional covering, 10 - the lid 

Figure 6: The inner working circuit has freely movable 
separate segments 

Figure 7: The comparison of the different types of turbo 
couplers 

3. CONCLUSION
Due to the characteristics of the hydrodynamic 

couplers, there exists the possibility of their application in 
belt conveyors in coal mines on condition of removing 
certain flaws which even this highly sophisticated 
equipment is not immune to.  
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Generally speaking, the turbo couplers have many 
advantages and therefore should be included in 
exploitation as soon as possible. 
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Drones, autonomous, ie. robotic vehicles that perform delivery operations to the final destination is topical subjest 
of this paper. This paper provides a brief overview of the most important research in this area as well as a critical review 
of the results achieved and the potential for further experiments. Also there is overview of the experience of mostly involved 
postal companies in testing the possible use of drones and robots to the postal service. At the end some attempts with 
combined delivery by courier and drones together and prediction of consequences of automated delivery introduction has 
been presented. 

Keywords: Automated delivery, Postal traffic.
1. INTRODUCTION

Companies that dealing with transfering of items 
are faced with increasing customer requirements in terms 
of delivery deadlines and the total number of items, as 
well as specific requirements relating to the handling of 
goods. Automation of a broader spectrum of 
entrepreneurship, with optimization of network for items 
transport, has become a major tool in the struggle with 
competition [1,2]. Manipulating industrial robots have 
found their wide application in handling shipments. In the 
postal centres where is a large concentration of letters and 
parcels, introduction of manipulative robots increases the 
efficiency of processing by increasing the velocity and 
capacity. Also, costs of manipulation are reduced while 
quality, ie. reliability of processing, is improved [3,4,5]. 
This potential has been recognized long time ago and 
robots are a standard part of all modern sorting centers 
around the world. 

After the introduction of automatic machines for 
processing of items by almost all major market 
participants, automation of other parts of the delivery 
chain has been started. The problem with that intent 
represents lower concentration of items outside the major 
processing centers. In such circumstances, the use of 
robots and automated machine is less profitable. At this 
moment around the world conducts a number of pilot 
projects related to the implementation of robots and drones 
mainly as solutions for automated delivery and/or 
collection of items.  

This paper provides a brief overview of the most 
important research in this area as well as a critical review 
of the results achieved and the potential for further 
experiments. 

2. HOMING DELIVERY ROBOTS AND
VEHICLES 

Homing delivery robots and vehicles represent a 
technology that was introduced in the postal traffic in the 
last few years. The idea is to replace couriers by robots in 
the future or at least to assist them in the delivery of items. 
This technology is in the early stages of testing in the UK, 
Switzerland and Germany. The robots use existing 
technologies developed in mobile communications, IT 

industry, standard sensors, processors, microphones, 
cameras and speakers so that their price is not a limiting 
factor in the eventual use. Robots of Starship Technologies 
company (Fig. 1) used in these experiments have the 
ability to record all relevant events in their environment: 
using the built-in microphone operator can hear sounds 
from the environment, have a built-in camera in order to 
be guided and speakers which serve to client to hear the 
operator's instructions. Compared to the drones, which will 
be discussed below, this robot has a much higher capacity 
and longer battery life. Speed is, on the other hand, limited 
to the speed of pedestrians and the average is 5 km/h with 
expected delivery time of 30min. 

Figure 1: Homing delivery robots 
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The client has the ability to communicate with the 
robot via a PC application or telephone so that, in addition 
to monitoring the current location of the robot by the 
customer, delivery is possible to the desired address and 
the location of the user's phone. Developed robot is 
rational in terms of resource use, has low maintenance, so 
that use does not depend on the techno-economic 
indicators. Possible problems might occur because of 
traffic safety and unclear legal regulation of technology 
that is still in its infancy [6]. 

2.1 Homing delivery vehicles  
 

The idea of autonomous, ie. robotic vehicles that 
perform all operations from the start to the final 
destination is not new but still self-guiding delivery 
vehicles exist only as prototypes whose testing is still done 
on the streets in the cities. Techniques used by 
autonomous vehicles for moving in their own environment 
are based on technologies such as radar, GPS, LiDAR 
(Light Detection and Ranging), 3D mapping, odometry, 
etc. (Fig. 2). Advanced guidance and control systems 
perform the collection and processing of information 
obtained from the sensor to decide of the next action 
which vehicle should make. In other words autonomus 
vehicles learn and adapt to the surroundings of their 
environment. 

 
Figure 2: Homing vehicle [7] 

The first homing car appeared in the 80s of the last 
century at Carnegie Mellon University and since then 
numerous companies and research centers have 
experimented with this type of transport mean. There are 
several reasons for resistance in this area regardless of the 
poor results achieved in the implementation of these 
systems. Introducing of homing vehicles in widespread use 
should bring:  

• Reducing the number of traffic accidents and 
thereby reducing the number of injured and 
killed, reducing damage and insurance costs. 

• Increase of production capacity of roads leading 
to a decrease in the density of traffic. 

• Reduction of man’s obligations while driving 
(increasing vacation time, less fuel consumption, 
less air pollution, reducing parking area, etc.). 

• Improvement of existing and creation of new 
business models of transport services such as car 
sharing, e-hailing, real-time ridesharing and other 

services called "divisible" economy, aimed at 
reducing the number of private cars. 

The main problem and reason because self-guiding 
vehicles, despite the clear benefits, are not flourished in 
traffic is the time required for transformation from not 
autonomous to autonomous. Besides, people from 
different reasons (lack of trust, fear, driving pleasure, job 
losses in the transport industry, etc.) in a large number do 
not want to give up control of their vehicles. 

By development of this technology companies 
engaged in the transfer of items and their clients should 
have significant benefits. That it is not just about some 
toys from science fiction films evidence the first delivery 
by the autonomous truck that took place 25th October, 
2016 between Fort Collins and Colorado Springs (about 
190 km). That day the truck equipped with hardware and 
software of start up company Otto (Fig. 3) made delivery 
of 50,000 units of beer from the factory to the distribution 
center. The driver turned on the autopilot immediately 
after entering the highway and took command during the 
descent of the highway. According to SAE standard 
autonomous cars are divided into six groups (0-5), 
regarding the levels of autonomy. Mentioned truck is the 
fourth level and is capable of fully autonomous driving at 
highway speed of 90km/h (without complicated tasks as 
leak pedestrians, intersections and other restrictions on 
driving through the urban environment). The company 
Uber is immediately prior to previously mentioned 
delivery bought the Otto company for 680 million dollars, 
which clearly shows that the technology of autonomous 
vehicles, especially in truck transport, is on the step of 
introducing the large-scale use. 

 
a) 

 
b) 

Figure 3: Homing delivery vehicles: a) OTTO truck; b) 
equipment for guidance; 

It should be expected that the autonomous transport 
first introduces in the transport of goods by trucks because, 
for example, in USA 70% of transported cargo (10.5 
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billion tons) is transported by trucks and they simply do 
not have enough drivers (deficit currently stands at 48,000, 
but until 2024 could reach 175,000 drivers) [8]. Drivers 
will continue to remain an important part in the transport, 
but it is not difficult to imagine how their role changes in a 
role similar to role of port pilots. They, in overseas traffic, 
have the task to "only" import and export the ship to/from 
the port. In road transport drivers should take trucks on/off 
the highway along which transport of goods should take a 
place in a kind of virtual compositions of trucks like 
wagons whose "rails" woud be software. 

The first company of the postal sector which has 
one of it’s research arm devoted to this particular field is 
DHL. They plan to implement robotisation of logistics 
operations completely and leave them to the autonomous 
delivery robots. Perhaps for this step is still early in Serbia, 
but if in the world some pizzerias introduce prototypes in 
the delivery, why it would be impossible for the Post of 
Serbia or any of the courier company? 

Despite the obvious benefits of self-guiding robots 
and delivery vehicles, there are many restrictions in their 
use, especially in the so-called ''last mile'' delivery. 
 

2.2 Robots that are already in use in the postal sector 
 
Robots in the postal sector, as already mentioned, 

are no exception and they are widely applied. Except 
delivery robots, far wider application found different 
variations of industrial robots, particularly in the sorting 
process. 

There is a lot of examples, but at this point will be 
emphasized three concepts. The first is the increasingly 
frequent use of robots for sorting. They are placed along 
the conveyor (the left edge) and serve to direct items to 
destination routes. The advantage of this method of sorting 
compared to conventional machines for the processing of 
items is that the robot can perform divert of items to a far 
greater number of different directions in relation to the 
executive mechanism (which has following rule: one 
device - one or two destinations). Another, no less 
important, advantage is reflected in the fact that robots 
placed along the sorting line have option of accepting and 
packaging the sorted package on the palets or other means 
of consolidation. 

Besides, great application robots are found in the 
merging of packages where they are used as sophisticated 
solutions for packaging and palletizing of processed and 
unprocessed packages. 

Following the trend of more intensive introduction 
of an AGV (Automated Guided Vehicle) system in 
logistics, appeared systems for items sorting which 
function is to set items on the individual robots (mini 
AGV). Each robot has a rotating mechanism by which, 
when it is placed next to aperture for the acceptance of 
packages to a particular delivery route, renders the 
package to a corresponding aperture. Apertures are, as 
opposed to the slides in the continuous processing 
systems, arranged in two directions. Parcels are coming by 
continuous conveyor and after that they are taken and 
placed on robots. Based on the code of items, robots can 
transport items to the field with the destination ports 
extending along the conveyor, but also normally to its 

direction. Sorting capacity of such systems is flexible and 
determined by the number of robots that are included in 
the process. Despite the large number of robots, 
destination directions (apertures) and the capacity, the 
sorting system works perfectly. 

3. DRONES 
Aircrafts without crew are called drones (pilotless 

radio-controlled aircraft). International Civil Aviation 
Organization groups the aircrafts into two categories 
according to the mode of handling: the aircraft which is 
operated by remote controls and autonomous aircrafts. In 
autonomous aircrafts trajectory, altitude, speed and other 
flight characteristics are entered into a computer that is 
located at the drone before the journey begins, then drone 
execute orders independently. 

 It is important to distinguish modern drones of 
nowadays from aircraft used for military purposes, which 
are a kind of forerunner. The aircrafts used for military 
purposes are simple but they are generally complex robotic 
machines, airplanes and helicopters. The drones were 
originally designed for military purposes. The idea about 
drones dates from the 19th century and the Austrian 
balloon with gunpowder for bombing of Venice. Modern 
drones for the first time, then, secretly, were used in II 
World War by the US military. The technology was later 
largely evolved in the direction of development guided and 
homing rockets. In the following decades drones arrived in 
the armies of other countries. With the advent of new 
technologies, such as digital camera, satellite navigation 
and microprocessors, the possibilities of unmanned aircraft 
are improved. Some countries, such as China, Israel and 
Iran have companies for the production of military drones. 
The second group of drones could be classified as all the 
others, which are used in other areas of life and business. 
Drone technology is now available to everyone. 

3.1 Drones classification  
 
Currently, the European Union does not regulate 

civilian use of drones whose mass is less than 150 
kilograms. These drones are regulated by national rules 
adopted by the EU member states. Drones over 150 
kilograms falling within the competence of the European 
Aviation Safety Agency (EASA). In relation to the mass 
drones are divided into three classes: 

• Class I: up to 5 kilograms, 
• Class II: 5 to 25 kilograms, 
• Class III: 25 to 150 kilograms. 
In relation to the level of construction, population 

density and the presence of people, drone’s flying area is 
divided into 4 classes: 

• Class I: an area where is no elevated structures or 
facilities and where are no people, except staff 
necessary to fly and operate dron. 

• Class II: an area in which are additional 
commercial facilities or buildings that are not 
intended for people, except staff necessary to fly 
and operate dron. There are allowed only 
occasional people passing through the area 
(cyclists, pedestrians, etc.) but without retention. 

• Class III: an area in which are buildings and 
facilities primarily intended for residential, 

A.89



Proceedings of IX International Conference “Heavy Machinery-HM 2017”, Zlatibor, 28 June – 1 July 2017 

A. Čupić, M. Blagojević, G. Marković 

business or recreation (residential buildings, 
residential houses, schools, sports fields, parks, 
etc.). 

• Class IV: area of narrow urban areas (inner cities, 
towns, and cities). 

In our country, the Civil Aviation Directorate deals 
with regulation of this area. According to the rules on the 
unmanned aircraft from the 2016, Directorate divided 
drones into 4 groups [7]: 

• a mass up to 0.5 kilograms, a maximum flight 
altitude of 50 meters, a maximum speed of 30 m/s 
and the maximum range of 100 meters, 

• a mass of 0.5 to 5 kilograms, a maximum flight 
altitude of 150 meters, a maximum speed of 30 
m/s and the maximum range of 2500 meters, 

• a mass of 5 to 20 kilograms, a maximum flight 
altitude of 500 meters, a maximum speed of 55 
m/s and the maximum range of 2500 meters, 

• a mass of 20 to 150 kilograms, without height, 
speed and range restrictions. 

 
To be able to use drone, ie. be able to fly, it is 

necessary comply with strict rules and have the required 
documentation for flying. First of all, the drone must be 
registered in the records of the aircraft, which leads the 
Civil Aviation Directorate. Since safety is always at the 
first place, there are rules that must be followed when 
using a drone. It can fly only during the day and whoever 
manages drone must perform all the checks before the start 
of the flight.  In other words, the drone must be technically 
correcting for flight. It is prohibited to operate with more 
than two drones at a time, as well as manage the drone 
from a moving vehicle. Also, it is forbidden to operate 
drone under the influence of alcohol and psychoactive 
substances. Must fly at least 30 meters away from people, 
objects, vehicles, roads, boats and power lines. Above the 
group of people distance should be minimum 150 meters. 
Dron can not fly close to the airports, the minimum 
distance from the airport must be 3 kilometers. In the 
world there are even special devices that prevent drones 
from flying in areas where they could be harmful by 
operating at frequencies on which they are managed, 
taking control over them and land or return them to the 
starting point. 

3.2 Drones components 
 
There are a number of different drones, but the base 

components of each of them are (Fig. 4): 
• RC transmitter and receiver, 
• Frame, 
• engines, propellers and speed controller, 
• flight controller (autopilot), 
• battery and charger. 

 
Frame is a platform for building a drone. The most 

common frames are with four engines uniformly 
distributed on the diagonals. However, if it carries a 
greater burden, it is necessary to use multi-engine drone, 
with six or eight engines. In addition to the frame, engines 
and propellers are a very important part because they 
allow the drone to fly.  

The flight controller is the brain of each aircraft which 
allows the stabilization.  There are also advanced 
controllers with pre-set computer path which includes the 
operations of take off and landing. The selection of the 
autopilot usually depends on the purpose for which the 
drone is used and how big is the budget. Lithium - ion 
batteries are almost always used because they have a high 
power and they are easily accessible. When choosing 
batteries, two most important factors are the capacity and 
voltage. The voltage depends on the number of cells 
(usually 3 or 4) cells. The battery capacity is usually 3000 
mAh. Generally speaking, greater capacity allows for 
longer flight time. 

 
Figure 4: Quadcopter drone parts [9] 

RC receiver and transmitter are also very important 
because they are an essential part of drones which are 
manually controlled from the ground. There are a number 
of different transmitters on the market. Higher number of 
channels are better solution because that allows to control 
multiple functions and services. The transmitter usually 
transmits signals at a frequency of 2.4 GHz. This range 
was chosen because it is very reliable and resistant to 
interference. In addition to the main parts, the drone may 
contanin accessories such as: camera, parachute, GPS, 
navigation systems, telemetry, wireless video, etc. 

3.3 The use of drones in the postal traffic 
 
The drones are used for different purposes, 

however, these devices have become popular only in 
recent years and their applications in various fields rapidly 
increasing. The drones are used for police purposes like 
robots for surveillance of various rallies and campaigns. 
FBI uses drones to patrol the border of the United States. 
In the UK, drones are used to search for missing persons 
and monitoring of traffic accidents. The drones are also 
used for scientific and research purposes. They allow 
easier access to investigated places (glaciers, volcanoes, 
archaeological sites). They are also used in nuclear 
accidents to measure contamination. Drones have many 
applications in agriculture. In the United States drones are 
used to monitor the fields and record crops. They are also 
used in the art, for movies, music videos and concerts. 
Drones are also used in construction, medicine, emergency 
situations, rescue services and even in some special tasks, 
such as, for example, disperse the fog (China) or drone 
hunter (USA). The drones are also used for entertainment 
purposes, but there are also drone races, as well as 
competition in acrobatics. Also, drones are used for the 
delivery of food and medicine in emergencies, as well as 
delivery of shipments.  
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Postal administrations around the world, in order to 
remain competitive and maintain a leading role in its 
sector of business, must provide to their customers the best 
services and promote them on a daily basis. Delivery of 
shipments by drones or other services based on their use 
had not yet officially appeared in any of the post offices. 
So far postal operators have done experiments and set 
plans for further development and testing of this 
technology. Here is a brief overview of the experience of 
mostly involved postal companies in testing the possible 
use of drones to the postal service. 

Deutsche Post – in collaboration with DHL 
("Deutsche Post DHL") is the first company in the postal 
sector which is engaged in the development of this service. 
In Bonn 2013th the first time was tested drone that could 
be used for the urgent necessary goods delivery to difficult 
reach areas. The aircraft is named Paketkopter. Dron was 
going from the post office, which is located on the left side 
of the Rhine river, to deliver the drugs to pharmacy which 
is located about 800 meters away on the opposite side of 
the river. The experiment was successfully carried out 
which encouraged people employed on this project for the 
further development of service. The next experiment was 
in 2014, when was performed delivery of package with 
drugs on the island of Juist located about 11 kilometers 
from mainland. Tests have been carried out less than a 
month and have done several deliveries. The biggest 
change at this stage was the transition from a manual to an 
autonomous control system. Drones have worked as 
autopilots and flight is scheduled to last about 30 minutes. 
The third, and so far, last, phase of a research was 
conducted at the beginning of 2016th. It was conducted the 
delivery of urgently needed goods from Ulm station to the 
Bavarian village Rit im Winkl. During the test, which 
lasted three months, was used third generation 
Paketkopter, called York. In the test participated villagers 
themselves by applying transfer of items also in the 
opposite direction, from the village to other places. For 
three months they carried 130 autonomous loading and 
unloading. The most important task was to overcome the 
height difference and often temperature fluctuation in 
testing. The distance of package transmission was 8 miles 
and drone took about 10 minutes to cross the road. 

The next steps in the development of this service 
are increasing of drone's possibilities and finding new 
locations for testing. The next test should be package 
delivery in urban areas. Also, efforts will be made to the 
fact that in the future drones are in contact with the ground 
crew. It is planned to equip aircaft with communication 
module. The main objective of Deutsche Post is to provide 
a new service to customers which essence is rapid dispatch 
and delivery of shipments. 

Swiss Post, in cooperation with the largest logistics 
center in the country "Swiss WorldCargo" and company 
for the production of drones "Mattern", in 2015 began 
testing drones for the parcel delivery. The first objective of 
the survey was abilities of drone technology and testing 
the profitability of these business ideas. At the end of 2015 
Swiss Post made the first experiment in Switzerland with 
dron called Maternet One. It is specifically designed for 
this test. It was autonomous, designed to carry small 
packages and very simple to operete. Maternet One had 
capability to transport items up to 1 kg at a distance less 

than 10 kilometers. The first test was considered as 
successful and the biggest problem was weak battery, 
which could not allow longer retention in the air. 

For now, Swiss Post has not introduced this service 
to its range. This service was used selectively as a 
supplement, for the experimental purpose. The aim is to 
ensure safe and fast delivery regardless of geographical 
circumstances. The plan is to use drones in those areas 
where it makes economic sense and of course where it is 
technically feasible. The focus is primarily on the use of 
drones in exceptional cases (if some location is cut off 
from the outside world due to weather and other natural 
disasters). Another focus is on an emergency transport of 
items of the highest priority, such as, for example, 
laboratory samples. It is believed that this service, if it 
flourishes, will be introduced in 2020 in official use. 

Finland Post "Posti" in cooperation with their 
largest e-commerce retailer "Verkkokauppa.com" started 
to develop delivery by drones in 2016. Finland is regarded 
as the first country that is doing experiments in urban 
areas. The test last for 4 days, from 2 to 5 September 2016. 
Dron was transporting packages, not heavier than 3 
kilograms, from Helsinki to Somenlina island, which is 
located 5 kilometers from the capital of Finland. In the 
first delivery drone carried out task, with the landing of the 
location not far from planned. The reason was a strong 
wind durin the test. The test is considered successful. For 
those 4 days they done several transmissions because the 
plan was to move all the lighter packages by drone (letters 
and hevier parcels as before by boat). 

 The goal of Finland Post is to increase 
transmission speed and to improve access to rural areas. 
They believe that new technologies will enable faster and 
easier shopping and delivery for both the sender and the 
recipient. It is expected that this service will be officially 
in use in 2020. 

"Australia Post" was started in 2016 on the 
development of this service. One of the main reasons is 
that there are a large number of customers in remote areas 
who purchase a services three times more than those who 
live in the cities, but postal operator make delivery for 
them at most once a week. The first experiments were 
done around Melbourne. They done several test flights at a 
distance from 10 to 15 kilometers. They were used most 
sophisticated drones equipped with parachutes, lights and 
sirens to warn people if they are too close to the drone 
(Fig. 5). The tests have lasted for 2 weeks and 
characterized as successful. 

 
 

 
Figure 5: Australia Post dron  
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The plans are to perform testing in 2017 as often as 
possible, up to twice a week. Testing will be conducted at 
different locations, with up to 50 deliveries per test. Civil 
Aviation Directorate of Australia approved the commercial 
use of drones in rural and less populated areas, while for 
the densely populated areas license does not exist yet. In 
accordance with that, if tests give good results, operator 
plans to begin delivery by drone in rural areas in 2019.  

"La Poste" in cooperation with the manufacturer of 
drones company "Atechsys", was during 2016 carried out 
the first test of shipment transfer by drone. Dron was able 
to make autonomous delivery at a distance of 8.7 
kilometers carrying a weight of 1.5 kilograms. 

Currently plan is to test new drones that can carry 
loads of up to 3 kilograms, at a distance of up to 20 
kilometers and at speeds up to 30 km/h. The main 
objective of La Poste in the future is better connectivity to 
rural areas and faster item transfer. 

 The USPS in cooperation with Amazon did a 
couple of tests. Amazon already has in its range this 
service and occasionally delivers packages by drones. 
However, USPS still considering the introduction of this 
service because they previously conducted a survey among 
citizens on the subject of what they think about drones in 
the post. Opinions were divided so everything is still 
questionable. 

In addition to these posts, which have the best 
results, there are several others that have shown interest in 
this service. China Post had done the first tests in 
November 2016 in several locations in the country. Posts 
of Singapore, Denmark and the United Kingdom are next 
that will start the process of research and development of 
this service in their countries. 

4. COMBINED DELIVERY
From above text, it is clear that each technology has 

its advantages and disadvantages. The main disadvantage 
of automated product delivery by robots, self-guiding 
vehicles and drones is reflected in the so called last mile 
delivery. At this stage, it is necessary to make individual 
delivery to each recipient. In rural areas, this means high 
mileage per each item and, in this case, delivery by robots 
or drones can easily compete with the classic courier 
delivery. This can be seen also from the directions in 
which experiments were conducted, mentioned in the 
previous section. However, in urban areas, where the 
density of delivery is expressed, couriers have a great 
advantage because they can perform a large number of 
deliveries at a small delivery area and reduce the unit price 
per delivery. Robots and drones described in this paper are 
provided for a single delivery of items which greatly 
reduces their effectiveness in this part of the delivery, in 
particular if a package has been taken over in one of the 
units of postal network. 

With this in mind, the increasingly frequent are 
attempts with combined delivery by courier and drones 
together, ie. robots that take over items in delivery vehicle. 
This reduces the path and time that these devices should 
overcome, the vehicle becomes a kind of outward-
incoming platform and courier gets the role of the operator 
who sets the items on robots/drones, performe their 
journeys and collection after delivery and organizes the 

whole process. Thereby robots and drones become courier 
"helpers" thereby increasing the range and speed of 
delivery.  

UPS has successfully tested a drone designed to 
launch from the top of one of its delivery trucks (Fig. 6). 
The test, performed in Lithia, Florida, with Workhorse 
Group, an Ohio-based electric truck and drone developer, 
successfully sent the drone first on an autonomous 
package delivery and then back to the truck while it was 
out making a separate delivery. This test is different than 
anything they’ve done with drones so far. It has 
implications for future deliveries, especially in rural 
locations where their package cars often have to travel 
miles to make a single delivery. Sending a drone from a 
package car to make just one of those deliveries can 
reduce costly miles driven. This is a big step toward 
bolstering efficiency in network and reducing emissions at 
the same time. 

Figure 6: Combined delivery by UPS 

However, as TechCrunch reports, it wasn’t all 
smooth flying. During a second test, some type of 
interference caused the drone to abort its launch the 
aircraft tried to land on top of the UPS truck, fell to the 
side and was nearly crushed by the still-closing lid of the 
vehicle. With ORION, UPS’s On-Road Integrated 
Optimization Navigation routing software, a reduction of 
just one mile per driver per day over one year can save the 
company up to $50 million. UPS has about 66,000 
delivery drivers on the road each day. Rural delivery 
routes are the most expensive to serve due to the time and 
vehicle expenses required to complete each delivery. In 
this test, the drone made one delivery while the driver 
continued down the road to make another. This is a 
possible role UPS envisions for drones in the future [10]. 

These efforts follow a boom in electronic 
commerce, which has forced logistics companies to find 
new faster ways to deliver packages to customers. The key 
is to make integrating smart technology, such as a small 
computer, so that the van can collect and process data on 
the vehicle's location, load, and delivery route and then 
send that information to the distribution manager. The 
vans should be electric – a critical feature as cities pass 
stricter emissions laws for its busiest urban centers, and 
should be equipped with an automated cargo space and 
delivery robots and/or drones. 
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Figure 7: Mercedes concept Robovan 
 
The van driver can deploy the autonomous vehicles 

to deliver multiple lighter packages to customers by 
road/air, while he or she walks to another customer's home 
carries a heavier parcel. Cloud-based software could 
communicate with a main distribution center or calculate 
ideal delivery routes for the package deliverer. 

These vans (Fig. 7) would be equipped with a 
racking system that would enable 400 packages to be 
delivered every 9-hour shift, compared to 180 packages 
using previously available methods [11]. 

5. CONSEQUENCES OF INTRODUCTION OF 
AUTOMATED DELIVERY 

Automated delivery will bring many benefits for 
investors, owners of delivery companies and their clients. 
But the implications of automated delivery will likely have 
a profound effect on the postal workers around the world. 
Only some, not all, workers will be able to upskill, 
because the challenge now is that robots will always learn 
faster than humans, as they are networked and can process 
faster and work at an accelerated pace. The postal industry 
will need solutions to unemployment and they must 
prepare for changes in society and their economy. While 
universities actively try to teach students coding, 
technology is quickly advancing that robots will be able in 
a close future to self-code. This means that understanding 
how to manage systems of robots towards solving 
problems will be key. How will postal industry respond to 
automation? We see a few options: 

1) Resist automation. The companies may seek to 
stay in this level of automation, keeping their 
workers intact. The risk is that their 
competitors could move ahead in productivity 
by deploying robots. 

2) Embrace automation, as it lifts companies’ 
productivity. The management might welcome 
automation, embracing the productivity 
benefits it brings to company performance. The 
risk is that displaced workers who are unable 
to upskill will be left in the cold. 

3) Upskill workers with STEAM (learning that 
uses Science, Technology, Engineering, the 
Arts and Mathematics) education. All workers 
whose positions are threatened by automation 
could benefit from provided or low-cost 
education that enables them to upskill so they 
can manage or support automation rather than 

be displaced. Some have found that robots 
actually increase the number of jobs in some 
scenarios. 

4) They could wait for administration to embrace 
universal basic income (the experiments are 
happening in Finland, Oakland and more). In a 
less likely scenario, administration embracing 
universal basic income, which would be a 
social program to provide all citizens with a 
living wage (food, clothing, shelter, and 
education) regardless of employment status or 
age. The funds would be derived from taxes on 
the companies that are deploying automation. 
The hope is that automation increases total 
productivity, generating more food, goods, and 
services than ever before, thereby creating a 
surplus for humanity [12]. 

 
It is likely that every employer and every country 

will find its measure in the introduction of automation, 
which also applies to automated delivery. One thing is 
certain, the pressure of a competitive environment in the 
transfer of items will bring, sooner or later, more efficient 
and productive solutions based on automation in areas 
where it has not been. 

6. CONCLUSIONS 
About robots, autonomous delivery vehicles and 

drones as possible solutions for specific segments of the 
delivery in the Post of Serbia has not yet been discussed. 
Currently it is not realistic to expect any activity in this 
direction due to the fact that technologically advanced 
postal operators in the world perform only testing of this 
technology. However, the period of time between testing 
and deployment with any new technology it's shorter and 
shorter. The chances are that the introduction of automated 
delivery robots, autonomous delivery vehicles, drones or 
some even more sophisticated means will not wait as the 
introduction of automation in the processing of postal 
items. This would be not only unjustified but also harmful 
and irresponsible due to the fact that from the committed 
errors and omissions must learn. 
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Combining the methods for determining the relative importance of criteria and alternatives ranking methods, the optimal 

decision is made about certain multicriteria problem regardless the nature of parameters describing it. The appropriate 
material handling equipment (MHE) selection is a vital task for improving the productivity of an organization. Hence, the 
problem of selecting the right type of MHE for a given task can be solved using multi-criteria decision-making (MCDM) 
approach capable of dealing with a combination of crisp and fuzzy data. This paper tries to quantify the level of benefit 
provided by employing the fuzzy numbers in the MCDM models. In the paper, by increasing the fuzziness level steadily in 
the fuzzy numbers, the obtained rankings by F-MODIPROM approach are compared with the ranking obtained with the 
crisp values. The statistical significance of the differences between the ranks is calculated using Spearman’s rank-
correlation coefficient. The purpose of this paper is to give systematic review and adequate support for decision-making in 
the selection procedure and find appropriate situations when using crisp or fuzzy numbers will be more adequate.  

Keywords: MCDM, stochastic test, crisp, fuzzy, F-MODIPROM  

1. INTRODUCTION 
Generally, while considering any selection problem 

in the domain of logistics and logistics systems there is a 
great number of technically feasible alternatives, and the 
task of designer is to choose from the set of possible 
solutions the one that best meets the technical and 
economic conditions defined by the terms of reference [9]. 
As a process, material handling incorporates a wide range 
of equipment and systems that support logistics and make 
the logistics system work. Тhe determinations of proper 
material handling system is important for reduced costs, 
increased profits and efficiency of labor force. For 
example, material movements accounts for about 30 to 
40% of the cost of final product [11]. It is observed that 
there are about 50 different types of MHEs and they are 
characterized by about 30 different attributes [4]. 

The proper type of MHE must be chosen taking 
into consideration all the relevant parameters and 
functions. For MHE selection, most of the influencing 
attributes are expressed linguistically and use of fuzzy set 
theory comes as an aid for obtaining the final solution. The 
problem of selecting the right type of MHE for a given 
task can be solved using MCDM approach capable of 
dealing with a combination of crisp and fuzzy data. 

In the existing literature, fuzzy MCDM models, in 
which fuzzy numbers are used instead of crisp values, are 
proposed to deal with the vagueness and imprecision. 
Also, there are numerous examples where various 
outranking methods and their modifications are used in the 
selection of final decisions in solving various multicriteria 
problems [9]. Therefore, a small number of available 
studies in the literature propose approaches to measure the 
benefit generated by incorporating fuzziness in their 
selection models [17].  

Generally, an integrated approach (F-MODIPROM 
[10]) is used to obtain final ranking of alternatives of 
considered problem and to compare ranking obtaining with 
crisp and fuzzy data. The proposed approach minimizes 
the influence of experience and subjective evaluation of 
the decision-maker.  

In this study, by increasing the fuzziness level 
steadily in the fuzzy numbers, the obtained MHE rankings 
are compared with the ranking obtained with the crisp 
values. The purpose of this paper was to give systematic 
review and adequate support for decision-making in the 
selection procedure and find appropriate situations when 
using crisp or fuzzy numbers will be more adequate. A 
study compaing usage of the fuzzy and crisp numbers or 
one that provides recommendations about when one is 
preferred over the other. The statistical significance of the 
differences between the ranks is calculated using 
Spearman’s rank-correlation coefficient. When the 
statistical significance of the difference is above a pre-
defined value, it is recommended to use the fuzzy numbers 
instead of crisp ones. 

 

2. METHODOLOGY 
 

2.1 An integrated approach F-MODIPROM 
 
An integrated approach F-MODIPROM (Fuzzy-

MODIfied PROmethee Method) [10] is a combination and 
expansion of some formulated models for ranking 
alternatives of the considered problem and also for a 
sensitivity analysis of the final order of alternatives due to 
changes in criteria relative weights. The proposed 
algorithm of integrated approach, with all the above 
elements, is shown in Figure 1.  
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The developed method for decision-making is carried 
out in several stages, for multiple criteria scenario and 
with the possibility of taking into account the linguistic 
expressions of the importance of criteria.  

 
 

 
 
 

Figire 1: The integrated approach F-MODIPROM 
 

The MODIPROM method (MODIfied PROmethee 
Method) [9], which is combined with fuzzy set theory, is 
based on the improvement of a group of methods for 
multicriteria ranking, as follows: 

 

• change of the existing generalized criteria and 
introduction of the new ones, 

• procedure of selection of generalized criteria within 
one criterion function, 

• analysis of effects of change of weight coefficients, 
transformation of the mean values of the outranking 
flow for the purpose of solving complex criterion 
functions and  

• the possibility of taking into account the linguistic 
expressions of the importance of criteria. 

 
Changes of generalized criteria refer to retaining 

generalized criteria type I (Usual criterion), type II (U-
shape criterion), type IV (Level criterion) and type VI 
(Gaussian criterion).  

Criterion type III (V-shape criterion) and type V 
(V-shape with indifference criterion) is replaced with the 
linear criterion whose parameters are calculated through 
linear regression.  

The square and cube criteria whose parameters are 
calculated by regression analysis are introduced (Figure 2) 
[9]. The final order of alternative solutions depends on the 
applied technique of multi-criteria decision-making and, 
especially, on the procedure of defining the evaluation 
criteria, transformation (normalization) of criteria and 
determination of their relative importance.  
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Figure 2: Changes of generalized criteria  
(q – the threshold or indifference, p – the threshold of 
strict preference, σ – the standard deviation of Normal 
distribution and b0, b1, b2, b3 – the coefficients of the 

regression line) 
 

2.2. Spearman’s rank correlation test 
 
To analyse the statistically significant differences 

between the ranks with fuzzy and crisp data Spearman's 
rank-correlation test is used. Spearman’s rank correlation 
test, which is a special form of correlation test, is used 
when the actual values of paired data are substituted with 
the ranks which the values occupy in the respective 
samples [8]. In this study, Spearman’s rank correlation test 
evaluates the similarity of the outcomes (rankings a set of 
MHE alternatives). To test the null hypothesis in 
Spearman’s correlation test, test statistic Z is calculated 
using Eqs. (1) and (2) and compared with a pre-determined 
level of significance α value. In Eqs. (1) and (2), dj 
represents the ranking difference between j results, K is the 
number of alternatives to be compared and rs represents 
the Spearman’s rank correlation coefficient. 

 
2

1
2

6 ( )
1

( 1)

K
j

j
s

d
r

K K
=

 ⋅ ∑ 
 = −

− 
  

                                   (1) 

 
 
 

( 1)sZ r K= −                                     (2) 
 

Input 
 data 

A.96



Proceedings of IX International Conference “Heavy Machinery- HM 2017”, Zlatibor, 28 June – 1 July 2017 
 

Material Handling Equipment Selection Using an Integrated Approach F-MODIPROM: An Advantage Gained from Using Fuzzy Numbers 

2.3. Fuzzy set theory 
 
Fuzzy sets theory is a convenient mathematical tool 

for modeling various processes dominated by uncertainty, 
ambiguity, subjectivity, uncertainty. The fuzzy data can be 
linguistics terms, fuzzy sets or fuzzy numbers. In the 
following few lines, in order to apply the proposed 
method, are given some terms related to the theory of 
fuzzy sets.  

Fuzzy set theory states that, in a universe of 
discourse X, a fuzzy subset A  of X is defined by a 
membership function ( )Ã xµ , which maps each element x 
in X to a real number R in unit interval of [0,1]. The 
function value ( )Ã xµ represents the grade of membership 

of x in A . The larger the value of ( )Ã xµ , the stronger is 

the grade of membership for x in A [4].  
Fuzzy set theory is used to convert imprecise 

linguistic terms, such as “high” and “moderate” into 
numerical values using triangular fuzzy numbers (TFNs) 
or trapezoidal fuzzy numbers (TrFNs). Similarly, when a 
quantitative property is stated vaguely or imprecisely, it is 
also expressed by TFN or TrFN according to fuzzy set 
theory.  

For example, if it is stated that the distance 
travelled by an MHE is approximately equal to 200 units, 
it becomes difficult for the DM to ascertain the exactness 
of the data for further processing. Therefore, this imprecise 
value is represented by a TrFN as (180, 200, 200, 220), 
taking into consideration 10% fuzziness. On the other 
hand, another MHE property with a value “approximately 
between 360 and 400” can be denoted by a TrFN as (324, 
360, 400, 440) with 10% fuzziness [4]. Figure 3 exhibits a 
triangular and trapezoidal fuzzy membership function.  

A fuzzy number is a convex normalized fuzzy set 
with continuous membership function that characterized 
confidence interval [m, n] and level of security α 
( [ ]0,1α ∈ ). The TFN can be denoted as ( ), ,A a m n= , 
where m – left spread, a – central value and n– right 
spread (Figure 3). 

 

 

 
 
Figure 3: Membership function of TFN and TrFN 

A fuzzy number ( ), , ,A α β τ δ=  is a TrFN if its 
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Each fuzzy number is defuzzied using Eq. 4. For a 

trapezoidal fuzzy number ( ), , ,A α β τ δ=  its defuzzied 
value is defined to be 
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calculated as follows:  

 
1

0
0 1

0

( ) x

x

g x dx
x

dx

µ

µ

∫
=

∫

                                  (5) 

 
where g(x) can be considered as a weight function of x 
values. Usually, g(x) is assumed equal to x, x  is the 
membership degree of x values, and the denominator is 
considered as a normalizing factor equal to the total area 
under the membership degree function in Figure 3 [18]. 

 
 

3. ANALYSIS OF THE LEVEL OF FUZZINESS  
 
F-MODIPROM approach requires the weights of 

criteria and MHE alternative values at the criteria as 
inputs. For numerical illustration of correlational test in 
further works it will be considered a selection of three wheel 
electro forklift unit for warehouse operation [7, 8].  

An organization was in need of purchasing forklift for 
its warehouse facility. It is a MCDM problem and for ranking 
a set of alternatives of forklifts that satisfy in advance 
required parameters, the initial set of 9 characteristics was 
observed (Table 1) as a initial set of selection criteria.  

Starting sample that is considered consists of 10 
forklifts of different manufacturers. Their initial values are 
collected from appropriate catalogs. Only criteria weights are 
required to be fuzzy numbers, since MHE characteristics 
values at criteria are crisp values. 

In this study, five cases (B-F) are developed by 
varying the lower and upper values of fuzzy numbers while 
keeping their centres constant at their crisp values (case A). 
The level of fuzziness is determined with the spread (the 
number of units that lower and upper values apart in TFN and 
TrFN and takes 0,1,2,...,4).  

For each case, the criteria weights are readjusted by 
equaling the number of units upper and lower values are apart 
with the spread value given for that case. 
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Table 1: Forklifts characteristical values for 9 criteria 
 

           
 
 
 
 
 
 
 
 
 
 

 
 
 

 
Table 2: Criteria weights for six cases A-F 

 

Criteria 

Criteria weights for six cases (A-F) 
 

(A) 
Crisp,  

Spread 0 

(B) 
TFN, 

Spread 1 

(C) 
TFN, 

Spread 2 

(D) 
TrFN, 

Spread 3 

(E) 
TrFN, 

Spread 4 

(F) 
TrFN, 

Spread 5 

Capacity (kg) 9 8,9,9 8,9,10 7,8,9,10 6,8,9,10 5,7,9,10 

Max. lift height 
(mm) 8 7,8,8 7,8,9 6,7,8,9 5,7,8,9 5,6,9,10 

Travel speed with 
the load (km/h) 6 5,6,6 5,6,7 5,6,7,8 4,6,7,8 3,4,7,8 

Turning radius 
(mm) 4 3,4,4 3,4,5 3,4,5,6 2,4,5,6 2,3,4,7 

Level of noise (dB) 3 2,3,3 2,3,4 2,3,4,5 1,3,4,5 1,2,3,6 

Engine power 
(kW) 

 
2 1,2,2 1,2,3 1,2,3,4 1,2,3,5 1,2,3,6 

Lift speed with the 
load (m/s) 

 
5 4,5,5 4,5,6 4,5,6,7 3,5,6,7 4,5,7,9 

Wheelbase (mm) 
 1 0,1,1 0,1,2 0,1,2,3 0,1,2,4 0,1,2,5 

Total width (mm) 
 7 6,7,7 6,7,8 6,7,8,9 5,7,8,9 5,7,8,10 

 
 
For each case, the ranking scores are obtained by F-

MODIPROM approach and provided in Table 3. 
 
 

Table 3: Ranks of forklift alternatives obtained by 
combined approach 

 

Alternatives 

Ranking score 
 

 
A 
 

 
B 
 

 
C 
 

D E F 

7FBEST15 
1 1 1 1 1 1 

2ET2500 
3 3 3 5 6 6 

2ETC3000 
7 7 7 8 7 7 

J30XNT 
2 2 2 3 3 3 

J35XNT 
4 4 4 2 2 2 

TX30N 
9 9 9 10 10 10 

TX35N 
10 10 10 9 9 8 

ERP15VC 
5 5 5 4 4 4 

ERP15VT 
8 8 8 7 8 9 

ERP16VT 
6 6 6 6 5 5 

 

 
 
 
 
 
 
 
 
 
 
 

 

3.1. Analysis of statistical significances 
 
In order to analyze statistical significances of the 

differences and to compare the results of ranking for each 
case are developed the program tools in the environment 
of Microsoft Excel, that uses a special type of correlation 
test - Spearman's rank correlation test (Figure 4). 
Developed tool, it's possible for a given level of 
significance to compare the results of ranking and compare 
outputs the ranking obtained using by combined approach. 
Testing the null hypothesis Ho, i.e. the Spearman's test 
statistic Z value is determined by using the expression (1) 
and (2) and compares it with a value that corresponds to a 
given significance level α.  

Correlation is a bivariate analysis that measures the 
strengths of association between two variables and the 
direction of the relationship. In terms of the strength of 
relationship, the value of the correlation coefficient varies 
between +1 and -1. When the value of the correlation 
coefficient lies around ± 1, then it is said to be a perfect 
degree of association between the two variables. As the 
correlation coefficient value goes towards 0, the 
relationship between the two variables will be weaker. The 
direction of the relationship is simply the + (indicating a 
positive relationship between the variables) or - (indicating 
a negative relationship between the variables) sign of the 
correlation. In this study, Z = 1.645 is selected as the 
critical value at the level of significance α = 0.05. If we set 
α = 0.05, achieving a statistically significant Spearman 
rank-order correlation means that we can be sure that there 
is less than a 5% chance that the strength of the 
relationship we found happened by chance if the null 
hypothesis were true. 
 

 
Figure 4: Spearman’s rank correlation test program tool 

Model Capacity 
(kg) 

Max. 
lift 

height 
(mm) 

Travel 
speed 

with the 
load 

(km/h) 

Lift 
speed 

with the 
load 
(m/s) 

Turning 
radius 
(mm) 

Level of 
noise 
(dB) 

Engine 
power 
(kW) 

 

Wheel-
base 
(mm) 

 

Total 
width 
(mm) 

7FBEST15 1500 3310 12 0.3 1450 62.4 7.5 1200 990 
2ET2500 1300 3000 16 0.48 1440 66 11.5 1249 1060 

2ETC3000 1600 3000 16 0.49 1548 66 11.5 1357 1060 
J30XNT 1361 3032 15.7 0.39 1481 69 4.8 1290 1050 
J35XNT 1588 3032 15.7 0.36 1577 69 4.8 1386 1050 
TX30N 1350 3300 14.5 0.34 1525 61 10.7 1300 1105 
TX35N 1600 3300 14.5 0.31 1525 61 10.7 1300 1105 

ERP15VC 1500 3320 12 0.3 1452 59 6 1222 996 
ERP15VT 1500 3320 16 0.43 1476 65 12 1290 1050 
ERP16VT 1600 3320 16 0.43 1476 65 12 1290 1050 
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If the calculated value of Z obtained by test exceeds 
the critical value, the null hypothesis is rejected and it is 
concluded that there is evidence of a positive relationship - 
agreement between the two sets of rankings. 

The Spearman’s correlation test results (Table 4) 
indicate that the differences between rankings are not 
statistically significant (Z values are above the critical 
value of 1.645).  

 
Table 7: The differences and correlation values 

 

Alternatives 
Analysis of differences using Spearmann's rank correlation test 

A-B A-C A-D A-E A-F 

7FBEST15 0 0 0 0 0 

2ET2500 0 0 -2 -3 -3 

2ETC3000 0 0 -1 0 0 

J30XNT 0 0 -1 -1 -1 

J35XNT 0 0 2 2 2 

TX30N 0 0 -1 -1 -1 

TX35N 0 0 1 1 2 

ERP15VC 0 0 1 1 1 

ERP15VT 0 0 1 0 -1 

ERP16VT 0 0 0 1 1 

Spearman’s 
correlation 

coefficient rs 
1 1 0,9515 0,8909 0,8666 

Statistical 
significance value 

Z 
3 3 2,745 2,672 2,6 

 
As the outcome of the test,  can be  observed  that 

as the level of fuzziness increases, the similarity of the 
rankings decreases. The all Z-values even the lowest value 
indicates that using fuzzy numbers instead of crisp values 
does not provide any differencies in the ranking. 
Confirmation of above mention fact is provided in Table 7. 
Cases B and C provided the exact ranking with Case A. 
The highest rank difference is 3 for cases E and F when 
the spread is increased to 4 and 5. Generally, the rank 
difference increases when the spread is increased. The 
advantages gained from changing the spread without 
changing the center of the fuzzy number is statistically 
insignificant. In that case the user can use crisp values as 
the criteria weights.  

 

4. CONCLUSION 
 
This paper tries to quantify the level of benefit 

provided by employing the fuzzy numbers in the MCDM 
models. The increasing of fuzziness level steadily in the 
fuzzy numbers, the obtained rankings by F-MODIPROM 
approach are compared with the ranking obtained with the 
crisp values. There are developed the various cases by 
increasing the spread while keeping the centre of the fuzzy 
numbers constant. The Spearman’s correlation test results 
indicate that the differences between rankings are not 
statistically significant in some cases.  

As the outcome of the test, can be observed that as 
the level of fuzziness increases, the similarity of the 
rankings decreases. The Z-values indicates that using 
fuzzy numbers instead of crisp values does not provide 
any differencies in the ranking. In the proposed cases, it is 
assumed that the mean values are known with certainty but 
the users are not sure about the spreads. However, the 
average values may be unknown along the spread of the 
fuzzy number which implies increased uncertainates and 
imprecision.  

Definition of new cases i.e. comparasions of Z-
values obtained for shifted the average and spread value 
together, are direction for feature research and justifing the 
usage of fuzzy numbers instead of the crisp ones. The 
purpose of this paper was to give systematic review and 
adequate support for decision-making in the selection 
procedure and find appropriate situations when using crisp 
or fuzzy numbers will be more adequate. 
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Digging Resistance Model Shovel Manipulator  
of Hydraulic Excavator 

Vesna Jovanović1*,, Dragoslav Janošević1, Jovan Pavlović1, Goran Patrović1 
1Faculty of Mechanical Engineering, University of Niš, Niš (Serbia) 

The paper defines a mathematical model of resistance digging of hydraulic excavators with shovel manipulator. 
Mathematical model of resistance digging covered are: motion parameters of bucket in digging operation, the geometry of 
the slice of material, geometry of the bucket and the captured material characteristics. The developed mathematical model 
of resistance digging can be used for numerical dynamic simulation of excavator operation. As an example, are determined 
components of resistance digging for shovel bucket capacity of 4.4 and 6,5m3 for model of crawler hydraulic excavator, 
weighing approximately 100000kg. 

  

Keywords: Hydraulic excavators, resistance digging
1. INTRODUCTION 

 
For optimal design and efficiency work rating of 

hydraulic excavator it is necessary detailed analysis of 
digging force in a whole working range.  

For such analyses, previous studies were focused 
on the analytical determination of changes digging forces 
during digging operations. Whereby the developed 
mathematical models that define the digging resistance 
depending on the geometry of the tool-bucket, geometry 
and physical properties of materials steak-land and the 
operation time of digging. In this paper is developed a 
procedure for determining the components of digging 
force (resistance). 

 
2. MATHEMATICAL MODEL 

 
Mathematical model of resistance digging is 

developed based on a physical model of the excavator with 
manipulator shovel bucket (fig.1). The configuration of the 
kinematic chain of the excavator is composed on: the 
support and movement mechanism L1, rotating platform L2 
and a four-member planar manipulator with: boom L3, 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

stick  L4, bucket plates L5  and bucket jaw L6. Members of 
the manipulator moved by drive mechanisms with 
hydrostatic actuators - hydraulic cylinder: boom c3, stick 
c4 bucket c5 and jaw c6. 

Dynamic numerical simulation of the excavator is 
defined on the basis of general mathematical model of the 
excavator and model simulation conditions. Mathematical 
model of the excavator consists of a mathematical model 
of the kinematic chain and a mathematical model of the 
driving mechanisms of the excavator. Models of 
simulation conditions include parameters excavator 
working conditions and working technology models - 
models manipulative task of excavator. Mathematical 
model of excavator is considered in the absolute 
coordinate system OXYZ while members of the excavator 
kinematic chain are defined in the local coordinate system 
Oixiyizi. In the simulation, is adopted in a general excavator 
manipulative task comprising the operations of: digging - 
horizontal loading materials (fig.2), capturing - filling 
buckets material, transfer of material in the unloading 
plane, and unloading of material back onto a new plane - 
digging a new position [1]. 

Excavator with loading manipulator, loading 
materials, with a reduced digging resistance, 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 1:  Mathematical model excavator with loading manipulator 

l1 

F2x 

Y 

O4 

O5 

Mp3 

L2 

L3 

L4 

rt2 

X 

m2 

O2 

m3 

m4 

F2x 

x2 

y3 

y5 

x3 

rw 

y4 

rt4 

r5 

θ4 

θ5 

t3 

y2 

x1 

Ow 

y6 

x5 

θ1 

F2x 

O6 

m1 

m6 m5 

φ3 

X 

X 

φ5 

t6 
s4 

t4 

r4 

y1 

O1 

φ4 
θ3 

L5 

L6 

x6 

θw 

φw 
Wxy 

O3 

F2 

x2 

O 

x4 

O11 O12 

A.101



Proceedings of IX International Conference “Heavy Machinery- HM 2017”, Zlatibor, 28 June – 1 July 2017 

V. Jovanović, D. Janošević, J. Pavlović, G. Petrović 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

is achieved with horizontal path of bucket teeth maintain 
constant optimum cutting angle bucket. Horizontal 
capturing enables the cranked quadrilateral driving 
mechanism buckets, facilitated operating, only by starting 
hydrocylinder of the boom c3 (fig.2), and stick c4 [2].  

During the operations of digging and loading 
materials occurs the outer (technological) load of 
kinematic chain excavator in the form of vector force 
digging resistance W determined in the absolute 
coordinate system of the excavator by the equation: 

kWjWiWW zyx ++=                      (1)    
where: Wx, Wy - digging resistance force components 
along the axes that are building the resultant:  

( ) 5,02
y

2
xxy WWW +=                          (2) 

oriented normal to the cutting edge of the bucket,Wz - 
lateral resistance digging collinear with the cutting edge of 
the bucket. The general model of the resistant digging 
force has been developed with the following assumptions: 
a) a components of digging resistance force normal to the 
to cutting edge of bucket are unevenly distributed along 
the cutting edges (fig. 3) with the resultant  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Wxy shifted with respect to the center of the cutting edges 
of bucket Ow for coordinate zw, b) the direction of digging 
resistance force perpendicular to the cutting edge of the 
bucket is defined with angle of resistance digging θw in the 
local coordinate system of the jaw bucket, c) the lateral 
components digging resistance forces Wz1 and Wz2 are 
different in size but opposite directions with resultant Wz= Wz1 - 
Wz2   acting in the direction of the cutting edge of the bucket. 

The intensity of the components digging resistance 
force perpendicular to the the bucket cutting edge is 
determined depending on the geometry of the slice, the 
physical and mechanical characteristics of the captured 
materials and the method to control the movement bucket, 
by the equation [3][4]: 

  kuk5kxy ξξhbkW ⋅⋅⋅⋅=                      (3)                                                                                   
where: kk - specific digging resistance of material, b5 - 
width slice of land, h - height slice of land, ξk - specific 
resistance digging factor, ξu - factor of method to control 
the movement bucket in digging operation. 

Kinematics of digging is carried out by the 
horizontal capturing and arch filling bucket, in the plane 
digging OXY of the absolute coordinate system, wherein 
the slice  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 3: Models of resistance digging: a) unequal distribution of digging resistance along the cutting edge of 

the bucket, b) height slice 
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of captured material has a constant width, equal to the the 
width of the bucket and a variable height h along a cutting 
radius, determined by the equation (fig. 3): 

( ) ( )2Aw
2

Aw yyxxh −+−=            (4) 

where: xw, yw - coordinates of the center cutting edge of the 
bucket, xA,yA- coordinates of the point A which is in the 
intersection of the line lr placed along the radius of the 
cutting lines and lz placed along the slope of the 
excavation materials of the massif determined equations:  

( )5
5w

5w
5r xx

xx
yy

yy   :l −
−
−

+=              (5) 

( )11wmz xxtgy   :l −= ϕ                        (6) 
Because occurrence inhomogeneity of the material 

excavation on digging trajectory there is a need to the 
intermittent movement of bucket whose influence on 
changing character of resistance digging, take into account 
the factor method of control ξu determined by the equation: 

5
5

u
5

uuu tt  ,
t
tnsin

t
t

4
sinf)f31( ≤∀








⋅







++= ππξ   (7) 

 
where: fu - coefficient change amplitude of resistance 
digging, nu - coefficient change period of amplitude of 
resistance digging, t - current time digging operation, t5 - 
end time digging operation. 
Changing the specific resistance digging, resulting from 
the difference in the physical characteristics of captured 
material in the operation start of the loading - when 
separating the material from massifs in the natural state, 
and at the end of the charging bucket - when includes the 
very loosely by the material, taking into account the factor 
the specific resistance digging ξk is determined equation: 

5

5,02

5
k tt

t
t1 ≤∀




















−=ξ                  (8)                                                                                 

In the simulation excavator, changing the direction 
of action the normal component of resistance digging Wxy 
is defined in the local coordinate system and in the  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

absolute coordinate system of closed bucket by changing 
the angle of resistance digging (fig.3):  

( )wpwk
524

wpw θθ
t

tθθ −+=   ; 

         ∑
=

+=
6

3i
iww θθϕ                      (9) 

where: θwp, θwk  - the start and end angles of the direction of 
action the components of the normal digging resistance, 
which correspond to the natural directions of actions 
digging resistance for digging technology of a loading 
manipulator excavator. 

Component of the resistance digging force Wz 
collinear with the cutting edge of the bucket is determined, 
depending on the moment of resistance of rotation the 
caterpillar of the support and movement mechanism in 
relation to the substrate and action horizontal resistance 
components digging, by equation [3]: 

w
wx

max

1
oz x

1zW
h

h
4

lmgW 







⋅+

⋅
= µ        (10)                                                                           

where: μo - coefficient of rotation the caterpillar of the 
support and movement mechanism m - total mass of 
excavator, l1 - length of reliance of the support and 
movement mechanism, hmax- maximum height the slice 
excavation material, zw - coordinate positioning of 
resistance digging in relation to the center of the cutting 
edge of the bucket.  

 
3. EXAMPLE 
 
On the basis of the developed mathematical model, 

a detailed analysis of the components of resistance digging 
force which loading kinematic chain crawler excavator 
mass of about 100000 kg with loading manipulator. The 
analyzed two possible variants A and B separated 
kinematic chain excavator model (Table T1). Both variants 
of the kinematic chain excavator, for comparative analysis, 
simulated model are the same technology i.e. the same 
manipulative work task with the given external 
coordinates. During manipulative task is simulated: 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Characteristics 
Parameters Variants of excavator 

Mark Dimension А B 
Excavator mass  m kg 100000 90000 

Bucket volume V m3 6,5 4,4 

Bucket width b5 mm 3150 2300 

Category of excavation material II IV 
Specific resistance digging kk kN/m2 165 

 
320 

Material density  kg/m3 1650 2200 
Coefficient change amplitude of resistance digging fu - 0,03 0,08 
Coefficient change period of amplitude of resistance digging nu - 2 3 
The initial angle of direction of resistance digging θwp ° 220 220 
The end angle of direction of resistance digging θwk ° 270 270 
Coefficient of rotation the caterpillar of the support and movement  mechanism μ0 - 0,6 0,6 

Coordinate of positioning resistance digging zw mm 1050 750 
 

Table 1: Material characteristics of the excavation and method of movement bucket 
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 a) stable operation of excavator - without moving the 
support and movement mechanism; b) trapezoidal 
cycloidal model character changes of the angular 
velocities of member’s kinematic chain excavator with 
accelerated, slow-motion and constant phase.  

For excavator models A and B the components of 
resistance digging force, normal Wxy (Figure 4, b) and Wz 
collinear with respect to the cutting edge of the bucket are 
determined for different characteristics of the material and 
methods to control the movement bucket in digging 
operation (Table T1). Since the model excavator A with a 
larger capacity bucket intended for the excavation of softer 
material category II, in determining the resistance digging 
are adopted less values of the amplitude coefficients and 
the period of the change resistance digging, assuming the 
loading of a softer homogeneous material occurs need for 
a smaller number of interruptions movement of bucket in 
loading material.  

At excavator model B with a smaller capacity 
bucket are adopted higher values of the amplitude 
coefficients and the period of the change resistance 
digging assuming the loading of a harder material IV 
categories appears need for a greater number of 
interruptions movement of the of bucket due to 
inhomogeneous structure of the material.  

Other characteristics of the material and geometry 
slice of materials are chosen and defined in such a way 
that the normal component of resistance digging the less 
than intensity boundary resistance digging force from a 
stability condition Ws (Figure 4, b) and the conditions non 
sliping Wp of excavator, thus fulfilling the requirement of 
a stable operation of excavator at the digging operation. 

 
4. CONCLUSION 

 
Changes in component of resistance digging of the 

bucket loading manipulator of hydraulic excavators, 
obtained based on developed mathematical model, 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

shows that the largest intensity has the horizontal 
component, which occurs approximately half the duration 
of the operation digging. Vertical component of resistance 
digging force is bit smaller, with increased intensity in the 
end of the digging operation when there is a higher filling 
bucket with material. The minimum intensity has a lateral 
component digging resistance force acting in the direction 
of the cutting edge of the bucket. 
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The paper present analysis of parameters of drive mechanisms and hydrostatic system of four-bar linkage 
manipulators of drive mechanisms in mobile machines with hydro-cylinders for actuators. General transformation and 
transfer functions of drive mechanisms are defined. Also is developed a mathematical model for determination of the 
duration of operations of manipulation task depending on: scope of the movement of manipulator member that performs an 
operation, the parameters of the drive mechanism and a pressure and flow of the hydrostatic drive system. As an example, 
results of the analysis of parameters influence on loader performance are given, for drive mechanism of the manipulator 
and of the hydrostatic system. 
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1. INTRODUCTION 

 
Mobile machine manipulators represent a transfer 

part of a kinematic chain that connects a supportive 
member with an executive member - a machine tool. The 
basic function of the manipulator is to enable the active 
operation of the tool on the subject of work in a particular 
working area of the machine. Depending on the shape of 
the work area, the kinematic chains of the machine 
manipulators have a certain number of members that build 
the kinematic pairs of fifth class - rotary or sliding joints 
with one degree of freedom (Fig.1). The drive mechanisms 
of mobile machine manipulators for the actuators have 
hydro-cylinders that are powered by hydrostatic systems 
with hydropumpes of constant and variable specific flow 
[1]. 

The paper analyzes the influence of the parameters 
of the drive mechanisms of the manipulator and the 
parameters of the hydrostatic system on the duration of the 
manipulation task of mobile machines. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

2. TIME OPERATIONS  
 
The duration of the manipulation task is one of the 

basic parameters of the performance of mobile machines. 
This is also indicated by the equation that defines the 
technical performance of the machine: 

            V
t

3600U
c

t =                 (1)  

where: Ut - performance of mobile machine [m3/h], V -  
volumen (capacity) of tool [m3], tc - duration of time 
operation of manipulative task [s]. 

According to the given equation, for the same tool 
capacity, the machine will achieve the maximum 
performance for the minimum cycle time. 

In order to set the observed time criterion as a 
criterion for evaluating the efficiency of the machine drive 
mechanisms, the analysis of the influence of the 
parameters of the manipulator driving mechanisms on the 
duration of the machine's manipulation task was first 
performed. 

The duration of the machine's manipulation task 
equals the sum of the duration of each operation: 

∑
=

=
on

1j
jc tt                                 (2) 

where: no - number of manipulation task operations,  tj - 
duration of time operation. 

Duration of time operation is determined by 
equation [2]: 
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                (3) 

where: θij1,θij4 - The initial and final generalized (inner) 
coordinates of the member i of the kinematic chain of the 
machine which is the operator of the operation j, 

ijθ  - angular 
velocity of the member of the kinematic chain of the machine 

Figure 1: Manipulators of mobile maschines                              
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during the operation j, Q
tii - the transformation function of the 

flow of the member of drive mechanism which is the carrier 
of the operation j, θ

cii  - the kinematic transformation function 
of the member of drive mechanism which is the carrier of the 
operation j, Q - the flow of actuators of the drive mechanism 
during the operation. 

The transformation function of the flow and the 
kinematic transformation function of the drive mechanism are 
known for a particular position of the executive member of 
the mechanism that is performing the operation. However, in 
order to determine, according to equation (3), the operation 
time of the manipulation task of the machine, it is necessary 
to define the change in the flow in the actuator (hydro-
cylinder) of the mechanism during the operation. 

The flow and pressure of the actuator of the drive 
mechanism are the parameters of the power of the hydrostatic 
system of the machine. Hydrostatic drive systems of mobile 
machines have been developed and futher they are 
developing, in the direction of optimally utilizing the energy 
of the drive engine under different operating conditions of the 
machine, with the possibility of simultaneously unfolding at 
least two operations of the manipulation task. These 
requirements are achieved by hydropumps of the hydrostatic 
system with regulation of power parameters. Regulation of 
hydropumps is volumetric. The signal of regulation is a 
change in the pressure in the actuators or a change in the 
speed of the drive motor, resulting from a change in 
movement resistance during the operation [3] [4]. 

 

3. ANALYSIS 

 
 An analysis of the influence of the parameters of the 

manipulator driving mechanisms during the duration of the 
manipulation task is given for the drive system of the 
excavator with the following parameters and characteristics 
(fig. 2): 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

• the hydrostatic power Nh of the drive system of 
the excavator is known, 

• the excavator drive system has a double piston-
axial hydropump of a variable specific flow with collective 
regulation according to the criterion of constant hydraulic 
power (Nh = const) (Fig. 2b). 

For the adopted regulation of the hydrostatic power 
parameters, the dependence of the flow rate on the 
hydropump pressure is determined by the equation (Fig. 
2): 
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Where: pp, pk - the pressure of the start and end of hydro-
pump regulation, pi, pj - pressure in the actuators (i, j) of 
the drive mechanisms with which the operation of the 
manipulation task is performed simultaneously. 

By changing the equation (4) into equation (3), the 
duration of the operation, among other things, depends on 
the pressures in the actuators of the drive mechanisms. In 
this way, the digging resistance that occurs during the 
operation, through the drive mechanisms, affect on the 
flow regulation, respectively the duration of the operation. 

As an example of an analysis of the influence of the 
parameters of the drive mechanisms on the duration of the 
manipulation task of the excavator it is given for the 
operation of the material transport at arm lifting of the 
shovel excavator manipulator. 

The time of arm lifting t3, at transferring of the 
affected material from a certain loading position θ3p to a 
certain unloading position θ3k, has the value (Fig. 2) [5] 
according to the equation (3): 

∫∫
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Figure 2: Hydraulic excavators: a) drive system and kinematic chain of manipulator: 1 - diesel engine, 2 - elastic 
coupling,   3-hydropump, L1 - motion mechanism, L2 -platform, L3-arm, L4 - stick , L5 - bucket , a) diagram of regulation of 

hirdropump [5] 
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For the excavator drive system with hydropump 
of the variable specific flow with collective regulation 
according to the constant hydraulic power criterion, the 
time of arm lifting t3 will be minimal if the condition (fig. 
2b) is fulfilled: 

pmax3 pp    Q     mint ≤⇒∀→            (6) 

The dependence of the pressure p in hydro-cylinder 
of arm on parameters of arm drive mechanism can be 
determined, for the most frequent relative position of the 
members of the kinematic chain of the manipulator, in the 
transfer of loaded material, determined by the angles θ34 and 
θ45, from the equilibrium conditions for the joint O3 of 
manipulator expressed by equation in terms of equality [6]: 

31pg3o MM =                          (7) 

respectively: 

( ) ( ) M
3c

p
31tu3uzu iipcostmmg ⋅⋅=+⋅⋅+ δθ         (8) 

where: Mo3g, Mp31 - the moment of loading and the drive 
moment of arm mechanism, mu,mz - the total mass of the 
members of the manipulator and the mass of the affected 
material, tu ,δu - the coordinates of the center of the mass of the 
manipulator in the position of material  transfer determined by 
the angles θ34 and θ45, p - pressure in the hydro-cylinder of the 

arm, p
31ti  - the transformation function of the pressure of arm 

drive mechanism, M
3ci =r3 - the transformation function of the 

moment of the arm drive mechanism [2]. 
For the position of the arm θ3=- δu, the time t3 will 

be minimal if the condition is satisfied: 

( ) M
max3c

p
31tpuzm iiptmmg ⋅⋅=⋅+              (9)                                                                     

where: pp - pressure of start of the hydropump regulation, 
M

max3ci =a3 - maximum value of the transfer function of the 
moment of the arm drive mechanism. 

By replacing equation (8) with equation (9), 
equality is obtained: 
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Which according to relations (Fig. 2a): 
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Can be expressed depending on the parameters of the arm 
drive mechanism: 
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where: 2
3

2
33 b/ak =  - the ratio of the connection lengths of 

the arm drive mechanism to which the coordinates of the 
joints of the hydraulic cylinder on the platform and on the 
arm are determined, γ3=θ3+β33-α32 - the angle between the 

connecting lengths of the hydro-cylinder.  
According to equation (12), the time t3 of the 

transfer operation of the material is going to be minimal, if 
the condition is fulfilled: 
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when the hydropump, according to equation (4), gives a 
maximum flow Qmax. 

The pressure p in the hydro-cylinder of arm 
depends on the ratio of the torque load Mo3g and the drive 
moment of Mp31 expressed in function from the angle of 
the arm position θ3.    

4. EXAMPLE 
 
A numerical analysis of the influence of the 

parameters of the manipulator drive mechanisms and the 
parameters of the hydrostatic system during the duration of 
the manipulation task is given for a hydraulic excavator, 
weighting 17000 kg, equipped with a shovel bucket, volmen 
of 0,6 m3. 

The operation of the lifting of the manipulator with a 
full bucket was considered, from the starting angle θ3р = -10° 
to the final angle θ3р=30° of the arm lifting. The manipulator 
was lifted by pulling out two hydro-cylinders of arm, a 
piston/piston rod diameter of 115/80 mm, powered by a 
piston-axial hydropump of a variable specific flow with 
collective regulation of constant hydraulic power (Nh = 
const). The pressure and flow rate of the hydropump at the 
start of the regulation is: pp=12 MPa, Q=120 l/min.  

At the lifting operation, the drive moment of the Mo3g 
of drive mechanism was determined based on the measured 
values of the condition of the excavator's operation in 
exploitation conditions [2]. The moment intensity has an 
extremely variable character (Fig. 3).  

Two variants I and II of arm drive mechansim are 
observed with the same sizes of hydro-cylinders and various 
transmission functions (Fig. 4a) apropos different coordinates 
of joints in which hydrocylinders are connected to members 
of the kinematics pair of arm mechsnim.. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Change of drive moment of the drive mechanism 
of the hydraulic excavator's arm 
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The obtained results show that the pressure and 
the flow of the hydrocylinders of the mechanism are 
different for the same change in the drive moment for 
variants I and II of the arm drive mechanism (Figure 4b). 
The differential pressure, apropos flow of the hydro-
cylinder occurs due to the different transmission functions 
of the selected variant solutions I and II of the arm drive 
mechanism.  

The duration time (fig. 5) of the lifting operation 
of the excavator manipulator for the same range of arm 
movements is different for the variant solutions I and II of 
drive mechanisms due to the difference in the transmission 
functions of the mechanisms. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5. CONCLUSION 
 
 Based on the performed analysis and the 
presented results, it can be concluded that during the 
duration of the operations of manipulation tasks, apropos 
performance of mobile machines, the transmission 
functions of the drive mechanisms of the manipulator and  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
the character of the regulation of the hydrostatic 
parameters of the hydropump powered by the actuators of 
the mechanisms is important. 

The defined duration of mobile machine operations 
can be used as a criterion for the optimal synthesis of drive 
mechanisms of machine manipulators.  
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Figure 4: Parameters of arm drive mechanism: a) transformation function, b) pressure and flow in the hydraulic cylinders 
of the drive mechanism depending on the change in the angle of the lifting angle 
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In the executed researches it is accepted that the highest efficiency of transformation of electric energy into energy 
of acoustic vibrations and radiation in the work environment is subject to the approval of the resistance of the medium and 
the use of force apparatus. Implementation of the proposed approach is implemented reflect the changes in the rheological 
properties of the technological environment, by choosing the physical model and its mathematical description. Presented in 
the mathematical form of the stages of the cavitation process. The key parameters of cavitation bubbles in an acoustic field. 
The estimation of the cavitation process on the coefficient of the cavitation index and absorption coefficient in cavitating 
medium. The absorption coefficient is a measure of the efficiency of cavitation effect, the connection of this parameter with 
power density of shock waves. 

Keywords: disperse medium, ultrasound, cavitation, rheology, intensity, impedance, absorption coefficient. 

1. FORMULATION THE PROBLEM

Ultrasonic cavitation technology allows to intensify 
the technological processes, to increase the utilization of 
raw materials, to modify the original properties of the 
material, to create new substances and the environment to 
ensure environmental cleanliness and safety of production 
[1–11]. The process of turning electric energy into 
acoustic waves and its radiation in the working 
environment shall be carried out with the greatest 
efficiency, subject to the approval of the resistance of the 
medium and the use of force apparatus. Therefore, 
research aimed at improving the efficiency of cavitation 
technologies for the realization of different kinds of 
technological processes is the task urgent. 

2. FORMULATION OF THE TASK

The aim of this work is to study the process of 
cavitation treatment of technological environments, the 
setting of parameters of influence and assess its 
effectiveness. 

3. STATEMENT OF THE MATERIAL

Implementation of the proposed approach requires 
determining the change in rheological properties of the 
technological environment, which is the viscosity, 
plasticity and elasticity [2]. The procedure for accounting 
of these properties lies in the choice of the physical model 
with further mathematical description and assessment of 
the impact in the calculation of dependencies. From a 
physical point of view, the choice of model predefined the 
main characteristics of the deformation and stresses that 
occur during the technological influence and form the so-
called stress-strain state.  

The main properties of the processed media are the 
basis of any material. There are three idealized models of 
materials: the ideal elastic body (Hooke); ideally viscous 
liquid (Newtonian); a perfectly plastic body (Saint-
Venant) [3]. In real-world environments, which have a 
complex structure, can occur for all three rheological 
properties. To build the model they are interconnected in 
series or in parallel (tab. 1). Such models belong to the 
basic elastic-plastic body Saint-Venant, the viscoelastic 
body of the Kelvin-Voigt and Maxwell visco-plastic body 
Shvedov-Bingham and others, the use of which is 
determined by other properties. 

The next step envisaged in the mathematical form 
of the stages of the process of cavitation: the formation of 
bubbles, their oscillation, the development and collapse. 
This process is accompanied by complex maso and heat 
transfer in the formed cavitation region. 

The key parameter in the evolution of the gas and 
air bubbles in the acoustic field is the energy, the 
components of which are the pressure, time and speed of 
flow of the process of cavitation [5, 6]. Under the action of 
ultrasonic harmonic oscillation on environments, the 
amplitude of the sound pressure is determined in 
accordance with dependencies: 

AcP kkm ωρ= ,  (1) 

where: kρ  and kc  – the density and speed of sound in
cavitating medium; ω – the circular frequency of the sound 

wave; 
c

k ω
= – wave number;  A – the vibration

amplitude of the radiator; kkcρ – the impedance of the
medium, which determines the speed of oscillations for a 
given acoustic pressure.  
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The propagation of ultrasonic waves associated 
with the transfer of energy. The energy density of sound 
waves, which falls per unit volume of the medium, can be 
expressed as: 

 
2222 22/ ApfpEэ πυ ==                  (2) 

 
The energy of ultrasonic waves that pass through 

unit area per unit time, it is customary to characterize the 
intensity of ultrasonic vibrations. When the plane wave is 
perpendicular to the surface, ultrasound intensity is 
associated with the amplitude of the sound pressure 
dependence: 

 
)2/(2 2222 pcPApcfI M== π  

               (3) 
 

 
Table 1: Rheological models of simple and complex 
dispersed technological environments 

 

 

The change in the intensity of the viscosity (Figure 1) 
proves the necessity of taking into account dissipation in 
the determination of the parameters of the cavitation 
process. 

 

 
Figure 1: The change in the intensity of the cavitation 
processing of disperse media, depending on their 

viscosity: 1 – maximum intensity, 2 – min intensity 
 

 
 
 
In practice, an estimation of the cavitation process 

using the ratio of the index of cavitation K, which equals 
the time average volumetric concentration of bubbles: 
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where: рV  – the volume of fluid without bubbles, iV  – 
the average volume of cavitation bubble, i = 1, N, N  – the 
number of bubbles. 

Then the wave resistance of cavitation medium can 
be represented as: 

2/1

0

00

1

1



















+
=

β
βρρ
п

kk Kcc ,          (5) 

 
where: 00cρ  – the wave resistance of the medium; 

0β
βп  – 

the ratio of compressibility of gas-vapor mixture in the 
bubbles to the compressibility of the fluid. 

 
The dependence of the wave resistance of the 

medium from the cavitation index (Figure 2) shows that 
when the cavitation index of only 0.2% impedance and 
hence the amplitude of the current bubble sound pressure 
is reduced almost five times. 

 

 
 

Figure 2: The dependence of the impedance changes of 
the medium from the cavitation index. 

 
The bubbles, having a high compressibility, assume 

the external force in the sound wave, the same reducing 
the bulk modulus of elasticity of the medium of the Eс and 
the speed of sound: 
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= .                                  (6) 

An important parameter in the evaluation of 
process efficiency is the ratio of the velocities at the initial 
speed the process of cavitation cc, which varies from the 
origin of cavitation bubbles, their collapse ck: 

 
kc=cc/ск                                       (7) 

 
The next process parameter is the absorption 

coefficient in cavitating medium •K . This parameter 
depends on the complex amplitude of acoustic pressure in 
the cavitation medium and the complex amplitude of the 
volumetric content of cavitation bubbles. 
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where: ρ0 – the equilibrium density of the medium, kg/m3; 
p – the instantaneous pressure, PA; с0 – the speed of sound 
in the liquid phase, m/s, v  – instantaneous volume 
content of bubbles. Analysis of the dependence (8) shows 
that the absorption rate corresponds to the maximum 
efficiency of the cavitation process. In Fig. 3 shows the 
dependence of the absorption coefficient in cavitating 
liquids on the intensity effects for different viscosity 
ratios. 

The absorption coefficient can be a measure of the 
effectiveness of the cavitation effect. Evidence of this 
conclusion to serve the relationship of the absorption 
coefficient with the specific power of the shock waves on 
the basis of consideration of local area processing medium 
volume ΔSΔx. So, using the law of conservation of 
energy, we find that the power density of the shock waves 
to be determined according to the expression:  
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            (9) 

 
where: ΔI – the change in the intensity of this wave as a 
result of absorption, W/m2. 

The expression for the work of the cavitator in 
contact area has the form [6 ]: 

 
µωπ 22

0AmA ck =                      (10) 

where: cm  – mass technological environment; 0A  – the 
amplitude of the contact zone; µ  – wave coefficient, 
which takes into account the influence of the environment 
on the movement of the cavitator. 
 

Average power cavitator cpP : 

µω 32
05,0 AmP ccp =                         (11) 

 
Expressions (10) and (11) are the values of the 

unknown parameters of the work and power of the 
cavitator, which are implemented in the contact zone of 
the cavitator and technological environment. The 
difference of the dependence (11) from the existing ones 
lies in the fact that in the known dependence [4, 8, 9] used 
the concept of added mass, which is supposedly attached 
to the surface of the cavitator. In fact, the mass of the 
environment is variable [6] and depends on acoustic 
parameters in (11) takes into account the wave factor 
µ .Under the conditions of pulsed energy transfer 
cavitator to the notion of vibration amplitude loses its 
definition, because the regime is not harmonic, but 
nonlinear.  
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Figure 3: The dependence of the absorption coefficient 
in cavitating liquids on the intensity effects for different 

viscosity ratios: 1 - 1 MPa•s; 2 - 200 MPa•s; 3 - 400 
MPa•s; 4 - 600 MPa•s 

 
With this kind of movement is determined by the 

movement in the relevant time periods: 21 tttП +=  

where 1t  – part of the period in a single move 1A , аnd 2t  

– in 2A . Denoting 21 / tt=α  и Пср t/2πω =  – the 

average frequency of; 21, FF  – the amplitude of forces in 
the respective periods of oscillation of the contact zone.  

 Under these conditions, the expression of specific 
energy, per unit volume of the cavitation medium has the 
form: 

απρ
ω

ρ S
Ft

xtS
xtF

V
EE ср

2
1

1

1 =
∆
∆

=
∆

=            (12) 

   
In the formula (12) contains all the components of 

parameters of the dynamic action of the cavitation device 
and the characteristics of the technological environment. 
Given formula (1 – 12) are initial information for 
development of algorithm of calculation of the cavitation 
device, which implements a harmonious and non-linear 
law of actions on the technological environment. And the 
absorption coefficient is a measure of the efficiency of 
ultrasonic cavitation, because of (9) follows: the specific 
energy of shock waves generated per unit time, is equal to 
the product of the absorption coefficient and the intensity 
of the primary ultrasound waves. Therefore, the absorption 
coefficient defines the ratio of useful energy created in the 
form of shock waves are necessary for the realization of 
cavitation process energy. 

 
4. CONCLUSIONS 

 
1. An accurate description of cavitation processing 

technology of dispersed media depends on the choice of 
the model. The key parameter in the evolution of bubbles 
in an acoustic field is the energy, the components of which 
are the pressure coefficient of energy absorption, the time 
and speed of flow of the process. 

 2. We found that the characteristics of manufacturing 
environments, which can serve to define a rational model 
of technological process are: the load on the emitter, 
rheological properties and conditions influence the emitter.  

3. The absorption coefficient is a measure of the 
efficiency of ultrasonic cavitation, i.e., determines the ratio 
of useful energy created in the form of shock waves are 
necessary for the realization of cavitation process energy. 

 
REFERENCES 

 
[1] R. J. Wood, J. Lee, M. J. Bussemake, A parametric 

review of sonochemistry: Control an daugmentation 
of sonochemical activity in aqueous solutions, 
Ultrasonics Sonochemistry, 38 (2017), 351-370. 

[2] Kenneth S. Suslick, Sonoluminescenceand 
Sonochemistry, Encyclopedia of Physical Science 
and Technology, 3rd Ed., R. A. Meyers (ed.); 
Academic Press, Inc.: San Diego, 2001, 22. 

[3] Reiner M. Rheology / per. from English. [Text] / M. 
Rayner. - M.: Nauka, 1965. - 224 p. 

[4] Stepnowski S. V. a Generalized rheological model 
cavitating condensed matter / Stepnowski S. V. // 
Applied mechanics and technical physics. - 2001. - 
T. 42. - №3. - P. 116-129.  

[5] Luhovskyi O. F. The physical model of ultrasonic 
cavitation exception of pectin from recycled plant 
material / Luhovskyi O. F., I. N. Bernyk // Bulletin of 
national technical University of Ukraine "Kyiv 
Polytechnic Institute", series "Chemical engineering, 
ecology and resource saving". - 2010. - №1 (5) - P. 
25-30. 

[6] Bernyk, I. N. Establishment of basic parameters of 
technological environment influence on the working 
process of ultrasonic cavitation treatment / I. N. 
Bernyk, O. F. Luhovskyi // Vibrations in technics 
and technologies. – 2014. - № 3 (75). - P. 121-126. 

[7] Bernyk I. Research parameters of ultrasound 
processing equipment dispersedin technological 
environment / I. Bernyk // MOTROL. Commission 
of Motorization and Energeticsin Agriculture. - 2016. 
- Vol. 18. - № 3. - Р. 3 - 13. 

[8] Margulis M. A., Dynamics of bubbles ensemble in 
cavitating liquid [Text] / M. A. Margulis, I. M. 
Margulis in Journal of physical chemistry. - 2007. - 
T. 81. - No. 12. - P. 2290-2295. 

[9] Shestakov S. Multibubble acoustic cavitation: a 
mathematical model and physical similarity [Text] / 
S. D. Shestakov // Electronic journal "Technical 
acoustics".- 2010. - №14. - 16 с. 

[10] Kenneth S. Suslick, The Chemical Consequences of 
Cavitation, SONOLUMINESCENCE. 
http://icacommission.org-Proceedings/ 
ICA2001Rome/ 2_04.pdf. 12.04.2017. 

[11] Aganin A. A. Dynamics of a gas bubble excited by 
pulses of compression and rarefaction in the liquid / 
A. A. Aganin, M. A. Ilgamov, DOKL. - 2002. - T. 
382. - No. 2. - P. 176-180. 

 

 

A.112



SESSION B  

PRODUCTION TECHNOLOGIES  



  



IX International Conference “Heavy Machinery-HM 2017”, Zlatibor, 28 June – 1 July 2017, B.1 – B6 

*Corresponding author: Dositejeva 19, 36000 Kraljevo, vukicevic.m@mfkv.kg.ac.rs

Determination of Expulsion Costs in Resistance Spot 
Welding 

Miomir Vukićević1*,, Mišo Bjelić2, Marina Pljakić1, Milan Tešević2 
1Faculty of Mechanical and Civil Engineering, University of Kragujevac, Kraljevo (Serbia) 

This article deals with calculation of the expulsion costs during resistance spot welding. It identify significance of 
this phenomenon in the overall technology and also indicates the possible directions for action to tackle or eliminate this 
phenomenon. 
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1. INTRODUCTION

Transformation of the electric energy into the heat 
ie. the heating of the conductor  during the time is de-
scribed by Dzul's law: 

2

1

2
t

t

SQ j dtρ ⋅ ⋅ ⋅= ⋅∫  (1) 

Q –  generated heat, W 
ρ –  specific electrical resistance, ρ= R⋅S/, Ωm 
j –  current density,  j= I/S, A/m2 
λ – length of  conductor, m 
S –  area of cross-section, m2 
V – volume, m3, V= ⋅S 
Resistance spot welding is performed by placing 

welded sheets in a overlapping position between the elec-
trodes, Fig. 1. Electrical current is conducted through the 
electrodes into the sheets. In the area of sheets contact, the 
temperature  rapidly increasing to a value above melting 
point. RSW is terminated by reduction of current to zero 
and by the electrodes opening. 

Figure 1: Resistance spot welding [1] 

Formation of connection between welded sheets 
can be divided into three phases, fig 2. 

 

 

Figure 2: Phases of RSW [1] 

The first phase starts immediately with the flow of 
electrical current. There is an intense heating and stirring 
of the metal. 

The second phase begins at the moment when soli-
dus temperature is reached. Highest temperatures occur on 
contact surfaces between two sheets. 

The third phase includes the cooling and crystalli-
zation of the molten core. Molten core is a part of the 
welded sheets with variable volume formed by the melting 
of welded sheets. 

Shape of molten core as well as final shape and its 
dimensions depend on welding parameters, fig 3. If we use 
mild regimes during welding, the isotherms will have the 
shape of an ellipse so the core and the welded point will 
have the shape of an ellipsoid. Welding with sharp regimes 
will produce a much more complex shape of the isotherm 
and the welded points, too. Peaks of the isotherms will 
have the tendency to break through to the surface of the 
welded sheets in the contact zone between the electrode 
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and the sheet. Or they will tend to break the coronary zone 
towards the gap between the welded sheets. Such a ten-
dency is created by the combined influence of the so-
called skin effect and contact resistance. In extreme condi-
tions, liquid metal manages to break through to the surface 
of the sheets, which is called expulsion in that area. In 
order to avoid expulsion, the welding times are radically 
shortened, the force increases in order to increase the re-
sistance of the coronary zone and the amount of coolant is 
increased. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Influence of welding regimes on dimensions and 
shape of welded spot [1] 

 

2. KINETIC OF ELECTRICAL RESISTANCE 
The change in total electrical resistance during the 

RSW is obtained by experimental measurements and has 
the structure and appearance as in fig 4.  

 
 
 
 
 
 
 
 
 
 
 

Figure 4: Kinetic of RSW [1] 

 
Dickinson [1] has defined minimum of electrical 

resistance and denoted it by α. This is the point where the 
value of the contact resistance drops to the zero value. 
From this point onwards, the welding process takes place 
on the basis of changes in its own electrical resistivity. The 
point of maximum resistance β [1] represents the maxi-
mum amount of energy involved in the process, while the 

point ν [1] indicates a moment of material displacement. 
Kinematics of electrical resistance consists of four zones. 

I – Establishing physical and electrical contact. 
Under the influence of the welding force and the 

temperature rise, deformation of  contact micro relief ac-
celerates rapidly, the surface of the local contact increases 
and  contact resistance drops. Increase of electrical re-
sistance is result of heating caused by the high initial value 
of the contact resistance. 

II – Initiation of the melting process in the area of 
contact surfaces of welded sheets. Given the great mutual 
proximity of the α-peak and inflection points, the begin-
ning of the formation and the process of growth of the 
melted core are related to the minimum resistance (α, Rc = 
0), so there is no difference between them, that is, the 
zones I and II are considered as one. 

III – It is characterized by three processes: 
- the temperature rise in the volume layers of weld-

ed sheets has as a consequence increase of electrical re-
sistance which causes  release of larger amount of heat by 
which 

- increases the volume of molten metal core, ie af-
fects on 

- increases the diameter of the coronary zone, 
which surrounds the core. 

Temperatures in coronary zone are lower in com-
paration to the temperatures in molten core and of course 
value of electrical resistance is lower, due to which the 
electrical current tends to flow precisely through that part 
of the conductive material. The incidence of the described 
cyclical changes has a tendency to be reduced during the 
welding, so there is temperture stabilization in the vicinity 
of the β-peak. 

IV – The continuation of the decrease in electrical 
resistance due to the growth of the melted core and the 
growth of plastic deformations. It is carried out on the 
basis of inertia of characteristic processes, ie latent heat. 
At some point, such a thermal state of the surrounding ring 
is established, and mechanical properties that prevent the 
further growth of the core reach. This is the moment when 
the pressure of the liquid metal increased so much that it is 
greater than the tensile strength of the coronary zone and 
when there is a high likelihood of expulsion. If the explul-
sio is reached, the liquid metal breaks into the gap between 
the welded sheets and further into the surrounding space, 
that is, the liquid metal pierces the surface of the welded 
sheets around the contact area between sheets and elec-
trodes. 

3. WHAT IS EXPULSION 
The influence of the basic process parameters, as 

well as the influence of the type of welded material on the 
kinetics of electrical resistance is advantageous to be 
shown through the area of definition of the welding pro-
cess, fig 5. It is obtained by experimental measurements in 
which the welding time and current vary at certain values 
of the welding force. Two sets of points are characteristic: 

- beginning of the metal melting, α-peaks, and 
- start of metal expulsion, ν-peaks. 
 
 

a) Sharp regime

b) Mild regime

t s,
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Figure 5: The domain of existence for RSW[1,4,5] 

 
As can be seen, the β-peak is not important for this 

procedure, ie appropriate set of points does not set the 
boundary of the process. When a number of dots corre-
sponding to α-vertices, ie the origin of the melted core 
(curve a-b-v) and the set of dots that correspond to the 
occurrence of the expulsion or a series of ν -peaks (curves 
v-g-d) are obtained a three-part process space is obtained. 

The middle segment A, defined by the curve α and 
π-peaks, with a cross-section v, represents the space of the 
existence of a RSW process for a given welding force and 
base material. The boundary curves of this segment are 
derived from the fact that the set of a-peaks corresponds to 
the minimum dimensions of the molten core, that is the 
beginning of base material melting and the set of n-peaks 
corresponds to the largest possible dimensions of the 
welded point. It is evident therefore that only the process 
whose value of electrical current and time of weling de-
termine the point located in the area between boundary 
curves that is in the area of the existence of welding (A) is 
considered successful. Marked zones are characterized by 
the following characteristics. 

A - The zone of the existence of the process. It also 
includes optimal technology parameters. By comparing 
ordinates 1 and 2, it is noted that the process realized with 
parameters closer to ordinate 1 corresponds to sharp re-
gimes, while the mild regimes correspond to the ordinate 
2. For the selected welding current, the diameter of the 
point will be even greater if the time of welding is close to 
the value t2 and vice versa if Tz≤ t1 point will not be 
formed, because the process will be terminated. In con-
trast, the welding technology should be designed so that 
the point of the state is in the considered zone A, but close 
to the boundary ν curve. 

The welding technology with value of electric cur-
rent which correspond to ordinate 2 has a much wider 
interval of time regulation (∆tz = t4-t3). 

The welding technology realized at time tz = t4, but 
with a current smaller than the value which correspond to 
the ordinate 2, allows obtaining points with smaller diame-
ter as the current approaches to the value which corresponf 
to the ordinate 3. Increase of time of welding at this par-

ticular value of electric current point allows growth of 
point dimensions but in a way that expulsion can not hap-
pen. 

B - Unachievable to hard-to-achieve welding tech-
nology. This zone is on the right side determined by the 
curve of the α-peaks. 

V - The zone where expulsion will happen for sure. 
The welding time and current are inversely proportional, 
that is, this is the limit of sharp regimes. Namely, if longer 
time of welding is applied expulsion will occur at the 
moment when the value of welding current which corre-
spond to the ordinate 2 is reached. During this period of 
time, all phases of the welded point development will be 
carried out, fig. 2. It is especially important that a coronary 
zone with good mechanical characteristic is formed which 
reduces the likelihood of leakage of liquid metal from the 
welding zone. With increased value of electric current 
while simultaneously shortening time of welding all phas-
es of point developement will be also shortened. In such 
conditions, the coronary zone can not be fully formed and, 
in particular, it can not achieve the necessary resistance in 
order to prevent the pouring of liquid metal into the sur-
rounding area. 

4. RSW COSTS 
In the automotive industry large production series 

are realized. RSW is used to produce a large number of 
welded points. Therefore it is justified to use highly auto-
mated equipment. The structure of the welding costs con-
sists of the six elements, fig 6. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6: Total costs for RSW[1,4,5] 
 
Total welding costs for car bodywork [2], fig. 6 can 

be calculated as: 
TU= TES+TUR+TE+TR+TPP+TLD  
TU=409.20+473.66+402.44+506.26+205.01+ 

+583.36 = 2579.93 RSD 

Costs of material expulsion can be calculated as: 

TIS= mIS⋅COM+CS⋅P⋅tIS 
 

TIS – costs of material expulsion, RSD 
mIS – mass of expulsed material, kg 

mIS= pis⋅mIM  

pis – portion of expulsed material, %, 
mIM – mass of molten core, kg, 
COM – costs of base material, RSD, 
CS – costs of electric energy, RSD/kWh, 
P – power of welding machine, kW/point, 
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U - voltage, V 
Iz - current, A 
ηS – efficiency of power source, 
ε - duty cycle of welding machine, 
P0 – idle power, kW/point, 
tIS – time of expulsion, hours 

= ⋅ IS
IS z

IM

m
t t

m
 (6)  

tz – time of welding, hours 
 

The car body consists of several different parts 
(floor, side panels, roof, door, door of luggage, hoods and 
side wings, figure 7) of various sheet thicknesses, and 
therefore it is necessary to calculate the extrusion costs for 
each part of the body, especially. Structure of expulsion 
costs can be described by: 

- mass of expulsed material, 
- the energy of the expulsed material, 
- the kinetic energy of the expulsed material, 
- light energy, 
- sound energy ... 
Of these impacts, this article includes the first two. 

The mass of the expulsed material is expressed by the 
percentage of the expulsed amount of material, p.  

Table 1 shows the following values: p = 2, 4, 6, 8, 
10%. 

 
 

 Table 1. Costs of expulsion during the year 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7: Parts of car body 

In accordance with the achieved mass amount of 
expulsion and the methodology of the calculation, the cost 
of expulsion is calculated and shown in the table 1 and in 
fig 8. 

 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 
 
 
 

 

Figure 8: Percentage participation of individual costs 

Body parts 
Costs of expulsion, RSD 

Ammount of expulsion, p, % 
2 4 6 8 10 

Floor 13.14 26.28 39.42 52.56 65.70 
Side panels 4.21 8.42 12.63 16.84 21.05 
Roof 0.51 1.02 1.53 2.04 2.55 
Four doors 5.91 11.82 17.73 23.64 29.55 
Doors of lugage department 1.48 2.96 4.44 5.92 7.40 
Hood 0.26 0.52 0.78 1.04 1.30 
Side wings 1.03 2.06 3.09 4.12 5.15 

Cost of expulsion for one car body, RSD 
Total costs, RSD/car 26.54 53.08 79.62 106.16 132.70 

Costs of expulsion per year (for 90000 cars), RSD 
TOTAL COSTS, RSD/year 2388600 4777200 7165800 9554400 11943000 

1.02
22.38

7.87

19.42 15.44

18.17

15.70
TESU - costs of electric energy,  
TURU - costs of power source, 
TEU - electrode costs, 
TROU - costs of robot application, 
TPPU - fixture costs 
TLDU - labor costs, 
TISU - costs of expulsion.  

B.4



Proceedings of IX International Conference “Heavy Machinery- HM 2017”, Zlatibor, 28 June – 1 July 2017 
 

Determination Of Expulsion Costs In Resistance Spot Welding 

The costs of extrusion costs are relatively low and 
ranges from TIS = 0.26 din / point on the motor cover (so-
called hood) at the amount expulsed material of 2%, to 
TIS = 65.7 din / point on the car floor and at the amount of 
expulsed material from a welded point of 10%. The signif-
icance of this phenomenon, in a cost-effective sense, is 
illustrated [2] by the number of cars and apartments that 
would be "saved" if the expulsion was eliminated. At p = 
2%, it would be saved for example 1.85 FIAT 500L cars 
or one-bedroom apartment at prices that are present in 
Kragujevac. For the most pronounced displacement, p = 
10%, the corresponding cost is for example 9.25 FIAT 
500L cars, which is the equivalent of five one-bedroom 
apartments, again in Kragujevac. It is obvious that this 
type of cost should be included in the total cost of the 
process, figure 6. Compared to the total number of 90000 
cars per year these costs are not high. 

It is therefore concluded that the phenomenon of 
expulsion is inadmissible and it is a sign of the imperfec-
tion of technology and that it is necessary to take measures 
to avoid expulsion. Such attitudes would certainly be more 
convincing when changes in mechanical properties of the 
welded joints due to the expulsion and therefore the re-
sistance of the welded points would be analyzed. 

This paper has the task of pointing out or suggest-
ing at least one direction that can suppress or reduce the 
expulsion of the material. 

 

5. POSSIBILITIES OF AVOIDING EXPULSION 
It has already been pointed out that for the area of 

the defined process technology, the value and position of 
the β-peak point (the maximum value of electrical re-
sistance) are not of crucial importance. However, in the 
process of determination of optimum values of the welding 
parameters the set of of this peak positions is important 
which is shown as a dotted line at fig 5. 

Domains of welding technology parameters defini-
tion are determined for particular values of force and par-
ticular sheet material. Variation of force value gives us 
whole set of domains of defined technology for particular 
sheet material. By their superposition a three-dimensional 
space which define possible welding parameters is formed, 
fig. 9. It is characterized by two planes. 

The first represents a set of α-vertices i.e. it is ob-
tained by superposition of the boundary curves of the 
starting formation of welded point. The second character-
istic plane represents a set of ν -points which correspond 
to the beggining of expulsion. Space which is covered by 
these planes is basically a domain of welding parameters 
definition for RSW. Since each point of this space is de-
termined by the values of all three basic parameters of the 
welding technology every change of their value directly 
creates new position of the correspondent point. 

Therefore one of the basic values of this representa-
tion is the our ability to predict consequences of any pa-
rameter value variation. On the other hand this reperesen-
tation can have significant application in the domain of 
process design in welding technology and also in the man-
agement, optimization and other simulation methods. 

The third value is connected to the choice of logis-
tics which can be applied in order to reduce the occurrence 

of expulsion ie in order to totally eliminate possibility of 
expulsion. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9: Domain of process parameters definition for 
RSW 

 
Representation of domain of process parameters 

definition is directly related to the changes in the value of 
two characteristic electric resistances; At the contact be-
tween the welded sheets (ρdd) and the volume or thermo-
genic resistance of the sheet material (ρd). The shape and 
position of the curve and the plain of process startiong 
position (α-peaks) are determined by the values of the 
contact electrode resistance or by the heat induced in the 
contact zone of welded sheets. 

Reduction of contact resistance leads to shifting of 
boundary curve and plane into the domain of larger weld-
ing currents. And vice versa if contact resistance increases, 
boundary curve and plane are shifted into the domain of 
higher current values. The shape and position of the 
boundary curve and expulsion plane (ν-points) is deter-
mined by the values welded sheets resistance ie by the 
quantity of induced heat. Bigger value of electrical re-
sistance narrows the domain of process parameter defini-
tion and vice versa. 

 
6. CONCLUSIONS 

The phenomenon of expulsion occurs at the end of 
the process of forming a welded point. The expulsion must 
be suppressed or reduced because it represents a qualita-
tive evaluation of the resistance spot welding process. 
Expulsion costs should be included in calculation of total 
costs of the process especially in large series production. 

The methods of expulsion preventing described in 
this article are reduced to the optimization of the basic 
parameters through logistics built on the basis of the do-
main of process existence. 
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Microstructure of the weld seam and the HAZ has an essential impact on different mechanical properties of welded 
joint. This article presents a methodology for prediction of Vickers hardness in HAZ of welded plates. In order to achieve 
this goal we have used 3D model of heat transfer during welding, coupled with Kirkaldy’s model of austenite decomposition. 
This coupling have made possible prediction of the volume fractions of ferrite, pearlite and bainite and also prediction of 
Vickers hardness distribution. Results of simulation run were found to be in reasonable good accordance with experimental 
ones. 

Keywords: Welding, Numerical modeling, Simulation, Microstructure, Hardness

1. INTRODUCTION 
Simulation models of welding processes give us an 

insight into the influence of welding parameters on temper-
ature field in welded parts and by means of temperature 
fields and the influence to geometry and microstructure of 
welded joints. Microstructure of welded seam and HAZ has 
critical impact on mechanical properties of welded joint. 
Since the first analytical models of Rosenthal [1] and Ryka-
lin [2], complexity of simulation models has grown rapidly 
[3,4]. But this complexity makes these models unreachable 
in realistic conditions due to the long time to run the simu-
lation. 

Despite good weldability of P355GH steel, it is very 
important to predict microstructural changes during its 
welding having in mind that this type of steel is widely used 
for elevated temperature purposes. Hardness of HAZ which 
mainly depends on martensite content, has great influence 
on cracking resistance [5]. Bearing in mind the need to re-
duce the simulation time, in this article we have coupled an 
analytical, three‐dimensional, quasi‐stationary model of 
heat transfer during GMA welding [6] with Kirkaldy’s 
model [7] of austenite decomposition during cooling stage 
of welding process. Coupling of these models made us pos-
sible to estimate the value of Vickers hardness in the cross 
section of the welded joint. 

2. MODEL OF HEAT TRANSFER 
Welding heat source acts in a narrow localized area 

where a molten pool is formed. Regardless of difficulties, 
modeling the heat transfer during welding gives us infor-
mations about the influence of different process parameters 
on the heat transfer process itself and also nformations 
about the influence to the output results that include seam 
geometry, welded microstructure, deformation, etc. 

Quasy-stationary partial differential equation which 
describes 3-D heat conduction during welding [6] in mov-
ing coordinate sistem, fig. 1 is given by (1): 

 
2 2 2
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Figure 1:Moving coordinate system 

Proportion of the liquid phase can be represented by 
(2): 
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As a heat source model, we have used Goldak's dou-

ble elliptic model [8]. The feature of this model is that the 
front half of the model is a part of an ellipsoidal source, 
while the last half is a part of the second ellipsoidal source. 
Within the front half of the model, heat density distribution 
is carried out by (3): 

 

2 2 2

2 2 2
3 3 36 3

( , , )
− − −

= hf h h
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f Q
q x y z e e e

a b c π π
 (3) 

The heat density distribution within the last half of 
the heat source model is described by (4): 
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It is necessary that the following condition be ful-
filled (5): 
 2+ =f bf f  (5) 

On the basis of (1) it may be seen that the calculation 
of temperatures in welded plates requires knowledge of the 
values of selected thermo-physical parameters: density, 
specific heat capacity and thermal conductivity. It is possi-
ble to adopt that the values of these parameters are constant, 
but in real terms this is not the case. In order to calculate 
temperature distribution in welded plates more accurately, 
it is necessary to use values of the given parameters as a 
function of temperature. 

3. THERMOPHYSICAL PROPERTIES 
In the experimental part of this article we have used 

P355GH steel with chemical composition shown in Table 1 
as a base material and OK Autrod 12.50 wire with chemical 
composition shown in Table 2 as a filler material. Since it 
was not possible to found literature data about the density, 
specific heat capacity and thermal conductivity as a func-
tion of temperature temperature, we have used methodology 
presented in [6,9]. 

Table 1. Chemical composition of base material  
C 
% 

Si 
% 

Mn 
% 

Nb 
% 

P 
% 

S 
% 

0.20 0.19 1.45 0.014 0.016 0.062 

Table 2. Chemical composition of filler material  
C 
% 

Si 
% 

Mn 
% 

P 
% 

S 
% 

0.08 0.58 1.06 0.009 0.01 
 
Results of density modeling using mentioned meth-

odology can be seen on fig. 2. 

Figure 2: Density of base and filler material vs.tempera-
ture 

Thermal conductivity and effective heat capacity for base 
and filler material as a functions of temperature are shown 
in fig 3 and fig. 4. 

Figure 3: Thermal conductivity of base and filler material 
vs.temperature 

Figure 4: Effective heat capacity of base and filler mate-
rial vs.temperature 

4. MICROSTRUCTURAL MODEL 

The microstructure of the welded joint, that is, mi-
crostructure of the weld seam and the HAZ, has a crucial 
effect on the mechanical properties of the welded joint. De-
scription of steel microstucture in practice is most com-
monly made using austenite isothermal transformation dia-
grams and the continuous cooling diagrams in welding. For 
specific steel, these diagrams are obtained by experimental 
testing. However, in the absence of experimental diagrams 
for the steel of a particular chemical composition, models 
which desribe austenitic isotermal transformation process 
can be used. Based on the research [10,11], Kirkaldy [7] 
proposed a series of equations which describe kinetics of 
austenitic isothermal transformation. 

For the reaction of the austenite transformation into 
ferrite under isothermal conditions, the time required for the 
particular amount XF of ferrite to be formed can be de-
scribed as (6): 

 

 2(1 ) 2
0 3 3(1 )

F F

X
F

F F X X

F F

dXR
X X

τ −=
−

∫  (6) 
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Simillary, for the reaction of the austenite trasformation into 
pearlite, Kirkaldy proposed (7): 
 

 2(1 ) 2
0 3 3(1 )

P P

X
P

P P X X

P P

dXR
X X

τ −=
−

∫  (7) 

 
And for the reaction of the austenite trasformation into bain-
ite (8): 

 2(1 ) 2
0 3 3(1 )

B

X
B
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τ −=
−

∫  (8) 

 
Coefficients RF, RP, RB are described by (9-11): 
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While coefficients Z and DP can be calculated as (12-13): 
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 ( )2 1.9 2.5 0.9 1.7 4 2.6 + + + + − = BX C Mn Ni Cr MoZ e  (13) 
 
Or if following condition (14) is satisfied then value of the 
coefficient Z is equal to 1. 
 
 ( )1.9 2.5 0.9 1.7 4 2.6 0C Mn Ni Cr Mo+ + + + − <  (14) 

 
Based on Kirkaldy's model, we have calculated TTT 

diagrams for the base material, fig. 5, as well as for filler 
material, fig. 6, using MATLAB. 

Figure 5: TTT diagram for base material 

Figure 6: TTT diagram for filler material 

5. HARDNESS 

Hardness at any point in HAZ depends on the frac-
tion ammount of individual phases: ferrite, XF, pearlite, XP, 
bainite, XB and martensite, XM. If we know fraction am-
mount of each of these phases at a certain point, the hard-
ness can be computed [12] using the equation (15): 

 
 = ⋅ + ⋅ + ⋅ + ⋅F F P P B B M MHV HV X HV X HV X HV X  (15) 

Hardness of the individual phases depends on the 
chemical composition of the steel and on the cooling rate at 
700 ° C [13]. Hardness of ferrite and pearlite can be calcu-
lated as (16): 

 
( ) ( )
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19 10 19 4 8 130 log

FP

r
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= + + + + + +

+ − + + +
 (16) 

For the bainite and martensite hardness is calculated 
based on (17-18): 

 (
) ( )

323 185 330 153 65
144 191 89 53 55

22 10 20 33 log

B

r

H C Si Mn Ni
Cr Mo C Si

Mn Ni Cr Mo V

= − + + + +

+ + + + −

− − − −

 (17)

 
( )

127 949 27 11
8 16 21log

M

r

H C Si Mn
Ni Cr V

= + + + +

+ + +
 (18) 

Cooling rate at 700°C is described by (19): 

 
8/5

800 5003600
 −

=  ∆ 

o o

rV
t

 (19) 

During the time, grain size increases while the level 
of increase depends on temperature, activation energy and 
time [12,14] and can be descibed by (20): 

 
2

 − 
 = ⋅

Q
RTdg k e

dt g
 (20)  

Direct application of Kirkaldy’s model in case of 
welding is not possible because the welding processes take 
place with variable heating and cooling rates. According to 
Scheil's additivity rule [15], fig 7, during continous cooling, 
austenite decomposition starts when the following condi-
tion is fulfilled (21): 
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j j
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 (21) 

Figure 7: Scheil's additivity rule 

6. SIMULATION 

The simulation was conducted with following weld-
ing parameters: welding current I = 221.1 A, arc voltage U 
= 21.9 V, welding speed vw = 0.008 m/s, temperature of 
plate Tp = 22°C, and atmosphere temperature, Ta = 20.5 °C. 

Results of simulation are shown of figs.8 - 12. 

Figure 8: Simulation of ferrite volume fraction 

Figure 9: Simulation of pearlite volume fraction 

Figure 10: Simulation of bainite volume fraction 

Figure 11: Simulation of martensite volume fraction 

Figure 12: Simulation of Vicker’s hardness in weld cross 
section  

 
7. EXPERIMENT 

Dimensions of the P355GH welded steel sample 
were 300 x 150 x 5 mm, fig 13. Filler material used was OK 
Autrod 12.50 wire, with 1.0 mm diameter. As a shielding 
gas, we have used Arcal 5 (82%Ar + 18%CO2). Values of 
welding parameters were the same as in case of simulation. 
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Figure 13: Welded sample 
Fig. 14 shows comparision between simulated and 

experimental weld bead geometry while values of absolute 
and relative geometry of weld bead width – B, weld pene-
tration – H, weld shape penetration factor – ψ  are shown in 
table 3. 

Figure 14: Comparison of simulated and experimental 
weld bead geometry 

Table 3. Absolute and relative error of simulated weld 
bead geometry 

 
Measurements of hardness were performed using 

Vickers method. Due to the small dimensions of the welded 
joint, the measurements were performed using a load of 
9.81N. Hardness was measured in a series of points at a dis-
tance of 2 mm from the upper surface of the samples. The 
distance between the measuring points was 0.5 mm, fig 8. 
 

 
Figure 15: Location of indentations 

 
We have made comparison of  simulated and exper-

imental values of hardness at identations which is shown at 
fig.16. 

Figure 16: Comparison of simulated and experimental 
hardness at indentation points 

Relative error of hardness simulation at identations 
is shown on fig. 17. 

Figure 17: Relative error of simulation 
 

8. SUMMARY AND CONCLUSIONS 
In order to simulate hardness distribution at HAZ we 

have combined three dimensional model of heat transfer 
during welding with Kirkaldy's model of austenite decom-
position. Results obtained by simulation are compared with 
experimental ones.  In case of weld bead geometry results 
of simulation were in very good agreement with experi-
mental results. Something larger deviations that occurred in 
case of hardness can be explained as a result of direct appli-
cation of the metallurgical model without calibration. The 
calibration of the model could not be performed due to the 
lack of an experimentally obtained isothermal transfor-
mation diagram for the P355GH steel which could be used 
to adjust the parameters of the microstructural model. Pre-
sented method represents a good starting position for simu-
lation of microstructure volume fractions and hardness in 
HAZ. 
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Parameter Unit of 
measurement 

Absolute  
error 

Relative  
error [%] 

B mm 0.83 11.4% 
H mm 0.09 4.1% 

ψ = Β/Η  0.47 14.9% 
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NOMENCLATURE 

Ae1 – lower equilibrium austenite formation temperature, [°C] 

Ae3 – upper equilibrium austenite formation temperature, [°C] 

ahf – semiaxis of front half-ellipse in x - direction, [m] 

ahb – semiaxis of rear half-ellipse in x - direction, [m] 

Bs – bainite start temperature, [°C] 

bh – semiaxis of front half-ellipse in y - direction, [m] 

cp – specific heat, [J·kg-1·K-1] 

ch – semiaxis of front and rear half-ellipse in z - direction, [m] 

fb – bainite volume fraction 

fp – pearlite volume fraction 

fm – martensite volume fraction 

fα – ferrite volume fraction 

g – grain size, [m] 

H – depth of penetration, [m] 

HV – Vicker’s hardness 

HVB – Vicker’s hardness of bainite 

HVFP – Vicker’s hardness of ferite and pearlite 

HVM – Vicker’s hardness of martensite 

I – welding current, [A] 

k – grain growth constant, [mm2/min] 

L – latent heat, [Jkg-1] 

Ms – martensite start temperature, [°C] 

qlf – power density in front quadrant, [Wm-3] 

qlb – power density in rear quadrant, [Wm-3] 

R – universal gas constant, [J·mol-1·K-1] 

Т – temperature, [°C] 

Тa – ambience temperature, [°C] 

Tliq – liquidus temperature, [°C] 

Tsol – lolidus temperature, [°C] 

U – arc voltage, [V] 

Vr – cooling speed at 700°C, [°C·s-1] 

vz – welding speed, [m·s-1] 

XF – normalized volume fraction of ferrite, [%] 

XP – normalized volume fraction of pearlite, [%] 

XB – normalized volume fraction of bainite, [%] 

∆t8/5 – cooling time from 800 – 500°C 

λ – thermal conductivity, W·m-1·K-1 

τ – time, [s] 

τB – time to isotherm. transf. of austenite fraction to bainite, [s] 

τF – time to isotherm. transf. of austenite fraction to ferrite, [s] 

τP – time to isotherm. transf. of austenite fraction to pearlite, [s] 

ψ – weld bead width to depth ratio 
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Application of Multicriteria Decision Making in Selection of Optimal 
Toolpath 
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Peripheral pocket or contour milling using flat end milling tool can be performed using different tool paths. Tool 
path determines radial and axial depth of cut, engagement angle, feed and feed rate profile. Each possible tool path will 
result with different machining characteristics: cutting force, tool life, process stability, machining time etc. Some of 
milling process characteristics are conflicting each other which makes difficult for technology designers to choose optimal 
tool path.   

This paper presents using mulicriteria decision making in selection of optimal tool path. The program for 
calculating machining elements along the toolpath is developed and applied on one example of pocket machining for 10 
different tool paths. Based on obtained machining parameters 10 criteria for selecting optimal tool path are formed. Using 
basic version of ELECTRE method for choosing optimal tool path, application of multicriteria decision making is shown.  

Keywords: Multicriteria decision making, tool path, milling         

1. INTRODUCTION 
Most of mechanical parts consist of faces parallel 

or normal to a single plane and free form objects which 
require a 2.5D rough milling operation of the raw work 
piece [1]. In practice, classical methods of machining in 
one direction, in both directions and contour parallel 
milling are still commonly used. Recently, CAM programs 
developed applications that support HSM machining in 
terms of application spiral, trochoidal and D tool paths in 
order to meet high speed machining demands. Using CAM 
programs for creating tool path, technology designers face 
some choices which determine the final shape of tool path. 
They use their experience, knowledge and intuition to 
choose some of offered options, so that generated tool path 
still largely depend of individual judgement [2]. Figure 1. 
shows an example of diferent tool paths generated with the 
same CAM program for pocket machining.  

 
Figure1. Examples of typical tool paths generated by CAM 

program 

This paper presents approach to choose one of 
offered tool paths using multicriteria decision making 
based on calculated elements of machining process. 

For given pocket contour, using two CAM 
programs, 9 toolpaths and corresponding NC programs are 
generated, and one NC program is manually written. 
Radial and axial depth of cut along the tool path, feed rate 
profile, cutting force profile, machining time and tool path 
length are calculated using developed module for cutting 
elements monitoring. Based on obtained machining 
parameters 10 criteria for optimal tool path selection are 

established. ELECTRE multicriteria decision making 
method is used for selection of the best tool path among 10 
available tool paths.   

2. OPTIMIZATION PROBLEM 
Tool path is generaly generated based on the shape 

of contour (pocket or island), tool diametar and given 
stepover so that the workpiece is completly machined. It is 
usually generated by contour offsetting inward or outward.  
Tool path determines cutting directions, path curvature, 
changes in cutting directions and nominal values of axial 
and radial cutting depth.  

Actual radial cutting depth changes along the tool 
path during cutting direction changes, especially at sharp 
corners. Engagement angle variations are similar to radial 
cutting depth, except it depends on shape of machining 
surface: linear, concave or convex.  

 
Figure2. Pocket counture example 

It is clear that, as the tool is moving along the tool 
path, cutter engagement can drastically change, which 
causes the changes in the cutting loads too.  
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 CAM system: 

Edge CAM 
Tool: end mill 
diameter 20 mm 
Stepover:10 mm 
Options:  
1. In-out 
2. Optimized 
concentric 
3. Without r 

 CAM system: 
Edge CAM 
Tool: end mill 
diameter 20 mm 
Stepover:10 mm 
Options:  
1. Optimized 
lace 
2. Angle 0° 
3. With r 

Alternative 1 (NC program 1011) Alternative 2 (NC program 1021) 
 CAM system: 

Edge CAM 
Tool: end mill 
diameter 20 mm 
Stepover:10 mm 
Options:  
1. Optimized 
lace 
2. Angle 10° 
3. With r 

 CAM system: 
Edge CAM 
Tool: end mill 
diameter 20 mm 
Stepover:10 mm 
Options:  
1. Optimized 
lace 
2. Angle -60° 
3. Without r 

Alternative 3 (NC program 1031) Alternative 4 (NC program 1031) 
 CAM system: 

Edge CAM 
Tool: end mill 
diameter 20 mm 
Stepover:10 mm 
Options:  
1. In-out  
2. Optimized 
spiral 
3. With r 

 CAM system: 
 Edge CAM 
Tool: end mill 
diameter 20 mm 
Stepover:10 mm 
Options:  
1. Optimized 
lace 
2. Angle 90° 
3. With r 

Alternative 5 (NC program 1051) Alternative 6 (NC program 1061) 
 CAM system: 

Inventor 
Tool: end mill 
diameter 20 mm 
Stepover: 
maximum 19 
mm 
Options:  
1. In-out 
2. 2D Pocket 
 

 CAM system: 
Inventor 
Tool: end mill 
diameter 20 mm 
Stepover: 
maximum 19 
mm 
Options:  
1. In-out 
2. 2D Pocket 
3. Use morphed 
spiral machining 

Alternative 7 (NC program 1071) Alternative 8 (NC program 1081) 
 CAM system: 

Inventor 
Tool: end mill 
diameter 20 mm 
Stepover:  
maximum 12 
mm 
Options:  
1. In-out 
2. 2D Adaptive 
3.Min r 5 mm 

 Manual 
programing  
Tool: end mill 
diameter 20 mm 
Stepover: 
maximum 20 
mm 
Options:  
1. Out-in 

Alternative 9 (NC program 1091) Alternative 10 (NC program 1101) 
 
 

 

 

 
Figure3. 10 alternatives for pocket machining of given contour
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A sudden increase in cutter engagement may result 
in dynamic instability, reduced tool life and even in tool 
breakage [3]. Therefore approaches to adapt or modify the 
tool path for achieving a constant load were studied 
recently ([4],[5],[6]). 

Tool path shape determines it total length, too. 
Axial depth of cut can be changed by tool path when 
workpiece isn’t prismatic or have some holes.  

At each change of direction, the velocity has to be 
lowered to allow for the smooth change of the motion 
direction of the tool. How much lower, that depends on the 
angle between the two successive path segments ([7],[8]).  

Accordingly, tool path determines axial and radial 
depth of cut, engagement angle, feed and feed rate profile.   
Knowledge of the above machining elements along the 
tool path gives us insight into the adequacy of the 
generated tool path from different aspects. 

For a given pocket contour (Figure 2), we want to 
choose optimal tool path for milling operation. Using two 
CAM programs and different options which they offer, 9 
tool paths and corresponding NC programs are generated. 
One program for pocket machining is written using 
manual programing. Tool paths and options used are 
presented in Figure 3.  

NC code data for each tool path is imported into a 
database and processed. For each path segment the 
coordinates of start and end point, interpolation 
parameters, cutting conditions and geometric 
characteristics of the tool are obtained. Detailed 
description of  used procedure is given in [9]. 

For evaluation of toolpaths it is necessary to 
determine radial and axial depth of cut along the tool path, 
feed rate profile, cutting force profile, machining time and 
tool path length. 

Required elements of the cutting process can be 
calculated if, in addition to data contained in generated NC 
programs, geometric characteristics of blank and 
geometric and technological characteristics of the tool are 
defined. 

Blank workpiece is imported in Matlab as a bitmap 
image representing view of blank from above, where each 
colour corresponds to an appropriate height of the blank, 
detailed description is given in [10].  

  Geometrical description of the tool is based on 
ASCII database in which diameter and shape of tool are 

written. Based on tool diameter dt and radius rt, as well as 
millimetre net division wmp matrix of points on cylindrical 
tool net are calculated [11]. 

Then, according to the processed data from the NC 
program, tool path and the cutter location relative to the 
workpiece are generated at appropriate spatial intervals 
along a path. 

Based on the cross-section of the cutting tool 
volume and the blank net, it is determined which section 
of the volume of the tool is in contact with the blank. In 
order to determine the angle of engagement and cutting 
depth in selected points of the tool path it is required to 
monitor section of the cutter half volume in the direction 
of the tool velocity in a bottom plane of tool, as well as at 
the axial depth of cut level. It is also necessary to subtract 
previously removed material from the blank before 
computation of these elements. Figure 3 shows tool 
positions at points in which it is changing motion 
direction.  

Based on cross-section of cutting tool and blank 
network, values of radial depth of cut and cutting 
engagement angle are calculated at selected points of the 
tool path and diagrams of their variation along the tool 
path are generated. 

Based on tool motion direction in junction points of 
tool path, optimal feed rate is determined using model 
described in [8]. Then the feedrate profile is determined 
according to model given in  [7]. 

Applying of the linear model of cutting forces [2] 
and engagement angle and axial depth of cut, the value of 
the cutting force and its change along the tool path are 
determined. 

Using module for milling parameters determination 
developed in [12], briefly described above, radial and axial 
depth of cut, feed rate profile, cutting force, milling type, 
machining time and tool path length are determined for all 
10 tool paths. Obtained data is sorted in Tables 1-4 for 
purpose of tool path evaluating. 

3. OPTIMIZATION CRITERIA  

Tool path affect multiple characteristics of 
machining process. Criteria for tool path rating are 
developed based on: depth of cut, milling type, total tool 
path length and machining time and cutting force. 

Table 1: Distribution of radial depth of cut in percentage 

N
C

 
pr

og
ra

m
 Radial depth of cut intervals  

0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-9 9-10 10-11 11-12 12-13 13-14 14-15 15-16 16-17 17-18 18-19 19-20 

1011 4.64 1.03 0.73 0.6 0.96 0.58 0.41 0.49 12.01 42.11 5.37 2.86 3.46 2.12 2.84 1.69 1.69 2.24 2.09 12.08 
1021 3.99 0.71 1.89 7.95 9.91 2.67 1.45 0.71 0.73 47.79 2.98 1.63 1.45 1.1 0.82 0.81 0.92 1.76 2.67 8.06 
1031 1.97 0.17 0.98 8.66 5.46 3.55 3.43 2.3 1.55 26.53 24.92 2.19 1.38 1.13 1.09 1.02 1.38 1.48 1.8 9.01 
1041 3.66 0.78 1.26 12.36 6.32 3.06 1.4 1.5 1.24 21.39 28.13 1.44 1.3 1.3 1.34 1.2 1.26 1.36 1.68 8.04 
1051 1.1 0.38 0.16 0.41 0.38 0.63 0.52 0.45 14.7 41.36 6.53 3.33 4.01 2.27 2.63 2.93 2.03 2.14 2.81 11.23 
1061 2.91 5.09 2.55 8.86 6.47 2.44 2.13 2.68 3.59 2 45.08 1.36 1.12 0.85 0.91 0.7 0.59 0.82 0.96 8.89 
1071 4.49 1.01 0.81 0.71 0.66 0.74 1.14 1.04 0.91 10.6 10.93 6.22 3.86 8.88 17.83 3.48 4.31 2.66 3.27 16.44 
1081 4.68 3.83 7.05 3.71 6 15.02 15.44 10.53 7.2 4.67 2.2 2.51 2.83 2.69 1.65 1.23 1.05 0.88 0.82 6.01 
1091 41.85 1.72 1.17 1.15 1.03 0.92 2.07 1.13 1.03 1.19 1.03 6.75 37.78 0.73 0.31 0.01 0 0.01 0.01 0.11 
1101 10.31 2.16 1.72 1.65 1.36 1.94 1.56 1.72 2.61 20.12 14.97 8.93 0.13 0.16 0.11 0.16 0.18 0.18 0.45 29.61 
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3.1. Depth of cut 
Radial and axial depth of cut along with spindle 

speed determine stability lobe diagrams. In selected 
example, axial depth of cut and spindle speed are constant, 
therefore process stability estimation is based only on 
radial depth of cut. For given combination of workpiece 
and tool it is checked on stability lobe diagram which 
radial depths of cut ensure stable milling process. 

In high speed machining, too small radial depth of 
cut causes excessive heating in shearing zone shortening 
the tool life. Also, small part of tool diameter engaged in 
machining process leads to tool deflection. 

It is preferable that radial depth of cut corresponds 
to the given stepover which is previously determined as 
optimal value for given combination of workpiece and 
tool.  

For given example it is assumed: based on stability 
lobe diagrams it is determined that the process is stable for 
radial depth of cut below 18 mm; tool life is increasingly 
shorten for radial depth of cut smaller than 2 mm; 
preferable radial depth of cut is between 9 and 11 mm.  

Criteria based on radial depth of cut are (Table 1): 
• К1: Minimum contribution of radial depth of cut 

a<2 mm, 
• К2: Maximum contribution of radial depth of cut 

9<a<11mm, 
• К3: Minimum contribution of radial depth of cut 

a>18 mm. 

3.2. Type of milling 
In down milling (or climb milling) the cutting chips 

are carried downward by the tool. Rough machining can 
be performed faster because cutting forces are lighter and 
the thick-to-thin chip profile carries the heat away on the 
chip. Tool wear in down milling is less compare to the up 
milling, due to the cutter rotate with the feed and therefore 
tool life is longer. The cutting chips fall down behind the 
tool which gives better surface finish. 

Following criteria based on milling type are 
adopted (Table 2): 

• К4: Minimum contribution of combined milling, 
• К5: Minimum contribution of up milling, 
• К6: Minimum contribution of idle time. 

 

Table 2: Contribution of milling type in total tool path in 
percentage 

NC 
program 

Up 
milling 

Down 
milling 

Combined 
milling 

Idle 
time 

1011 0 61.78 37.28 0.94 
1021 27.6 48.76 22.83 0.81 
1031 15.16 37.8 46.08 0.96 
1041 13.13 37.35 48.64 0.88 
1051 0.02 58.87 40.62 0.49 
1061 7.36 30.58 61.85 0.21 
1071 0 19.99 78.72 1.29 
1081 0 76.54 22.4 1.06 
1091 0 17.73 47.15 35.12 
1101 1.11 31.72 61.57 5.59 

3.3. Total tool path length and machining time 
For a long time total tool path length is used as 

basis criterion for tool path evaluation. With high speed 
machining development and inclusion of machining 
dynamics, total machining time become more significant 
indicator of machining process speed. 

Based on tool path length and machining time 
(Table 3), the following criteria are adopted:  

• К7: Minimum total tool path length and 
• К8: Minimum total machining time. 

Тable 3:  Tool path and machining time 

NC 
program 

Total Rapid With feed rate Machining 
Tool path 

length  Time  
Tool path 

length  Time  
Tool path 

length  Time  
Tool path 

length  Time  

1011 2024.32 3.143 148.77 0.00297 1875.54 3.140 1858.54 3.110 
1021 2341.74 3.628 168.32 0.00336 2173.41 3.624 2156.41 3.595 
1031 2257.13 3.491 167.32 0.00334 2089.80 3.488 2070.71 3.455 
1041 2279.22 3.662 94.86 0.00189 2184.36 3.660 2167.36 3.631 
1051 2016.93 3.019 209.86 0.00419 1807.07 3.014 1798.21 2.998 
1061 2555.01 3.848 258.74 0.00517 2296.26 3.843 2292.06 3.835 
1071 1752.79 2.665 161.08 0.00322 1591.71 2.662 1572.27 2.629 
1081 2837.97 4.518 132.05 0.00264 2705.92 4.516 2677.77 4.467 
1091 3550.25 4.782 244.66 0.00489 3305.58 4.777 2101.67 3.506 
1101 1904.48 3.026 96.6 0.00193 1807.88 3.024 1708.61 2.851 

3.4. Cutting force 
With increase of cutting force, tool wear is 

increasing and tool life is shortening. Cutting force 
variations affect stability of milling process as well. The 
goal is to reduce mean value of cutting force as well as 
cutting force deviation.  

Based on cutting force (Table 4), the following 
criteria are adopted: 

• К9: Minimum cutting force for when feed rate is 
used,  

• К10: Minimum deviation of cutting force   
Using multicriteria decision making the optimal 

tool path can be selected for defined criteria. 
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Table 4: Mean value of cutting force Fsr and mean 
absolute deviation of cutting force Fod 

NC 
program 

Fsr (with 
feed rate) 

 

Fod (with 
feed rate) 

 

Fsr 
(machining) 

 

Fod 
(machining) 

 

1011 591.047 83.713 596.659 75.31 

1021 425.71 169.519 429.168 168.19 

1031 443.644 166.811 447.937 164.796 

1041 431.934 168.354 435.767 166.76 

1051 605.364 61.183 608.341 56.751 

1061 432.163 154.262 433.069 153.901 

1071 597.825 86.212 605.66 73.391 

1081 369.46 182.693 373.371 180.805 

1091 355.526 287.178 547.516 149.488 

1101 511.285 188.942 541.218 155.999 

4. MULTICRITERIA DECISION MAKING 
Multiple-criteria decision-making (MCDM) is a 

procedure that combines the performance of decision 
alternatives across several, contradicting, qualitative 
and/or quantitative criteria and results in a compromise 
solution  [13]. A typical MCDM problem can be defined 
as a ranking aid to arrange a finite number of decision 
alternatives, each of which is clearly described in terms of 
different characteristics. These characteristics are also 
often called attributes or decision criteria [14]. 

In this paper ELECTRE I method is used for 
selecting optimal tool path, since it is found to be best 
suited for selection problems. 

4.1. ELECTRE method 
The ELECTRE (Elimination and Choice 

Translating algorithm) family was introduced by 
Benayoun, Roy and Sussman in 1968. The method was 
later developed by Bernard Roy. This family includes 
ELECTRE I, II, III, IV, IS and TRI methods [14]. 

The basic concept of the ELECTRE method is to 
deal with "outranking relations" by using pairwise 
comparisons among alternatives under each one of the 
criteria separately. The organization of the ELECTRE 
method is best illustrated in the following steps [15]: 
• Normalizing the Decision Matrix: This procedure 

transforms various units in the decision matrix into 
dimensionless comparable units. 

• Weighting the Normalized Decision Matrix: The 
column of the matrix is then multiplied by its 
associated weights which were assigned to the criteria 
by the decision maker. 

• Determine the Concordance and Discordance Sets: 
The concordance set of two alternatives is defined as 
the set of all criteria for which one alternative is 
preferred to other. The complementary subset is called 
the discordance set. 

• Construct the Concordance and Discordance 
Matrices: The relative value of the elements in the 
concordance matrix is calculated by means of the 
concordance index. The concordance index is the sum 
of the weights associated with the criteria contained in 
the concordance set. The concordance index indicates 
the relative importance of one alternative with respect 
to other alternative. 

• Determine the Concordance and Discordance 
Dominance Matrices: The concordance dominance 
matrix is constructed by means of a threshold value 
for the concordance index. 

• Determine the Aggregate Dominance Matrix. 
• Eliminate the Less Favorable Alternatives. 

4.2. Application of ELECTRE I method in selecting 
optimal tool path 
Based on criteria defined in section 3 decision 

matrix is formed (Figure 4). 
According to steps briefly described in previous 

subsection (detailed description of steps given in [15]), 
program for ELECTRE application is created [12] . 

 

  
Figure 4. Decision matrix  
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Final result is that Alternative 5 (NC program 
1051) absolutely dominate over other alternatives.   

Using individually criteria following results are 
obtained:  
• According to criteria K1- alternative 5, 
• According to criteria K2- alternative 2, 
• According to criteria K3- alternative 9, 
• According to criteria K4- alternative 8, 
• According to criteria K5- alternatives 1, 7, 8 and 9, 
• According to criteria K6- alternative 6, 
• According to criteria K7- alternative 7, 
• According to criteria K8- alternative 7, 
• According to criteria K9- alternative 9 and 
• According to criteria K10- alternative 5. 

It is clear that for solving problem of selecting 
optimal tool path, using multicriteria decision making 
gives more comprehensive solution.   

5. CONCLUSION 

In this paper, application of multicriteria decision 
making is presented on example of selecting optimal tool 
path for pocket milling. 

CAM software offer multiple options for generation 
of tool path, in addition using same options in different 
software will result with different tool paths. Therefore, 
final decision depends largely on technology designer’s 
experience. 

Using module for milling parameters determination 
developed in [12], data necessary for tool path evaluating 
is obtained for 10 different tool paths for pocket milling of 
given contour. Several criteria for tool path rating are 
established. ELECTRE multicriteria decision making 
method is implemented, which result in selection of 
Alternative 5 as optimal tool path. 

Presented approach helps technology designers in 
choosing options for NC program generation. 

Some other criteria are to be added in future work, 
such as maximum productivity and its minimum variation 
along the tool path. 

ACKNOWLEDGEMENTS 
The authors would like to express their gratitude to 

the Ministry of Education and Science of the Republic of 
Serbia for their support to this research through the project 
TR37020. 

REFERENCES 

[1] Sandeep DHANIK, “NC Tool Path Evaluator and 
Generator for High Speed Milling,” vol. 4533. ÉCOLE 
POLYTECHNIQUE FÉDÉRALE DE LAUSANNE, 
Lausanne, Switzerland, p. 201, 2009. 

[2] A. Petrović, S. Ivanović, and L. Lukić, “NC Tool Path 
and Its Influence on Cutting Force in Peripheral Milling 
Analyses,” IMK -14-– Res. Dev. Heavy Mach., vol. 21, pp. 
41–46, 2015. 

[3] S. K. Gupta, S. K. Saini, B. W. Spranklin, and Z. Yao, 
“Geometric algorithms for computing cutter engagement 
functions in 2.5D milling operations,” Comput. Des., vol. 
37, no. 14, pp. 1469–1480, Dec. 2005. 

[4] M. S. Uddin, S. Ibaraki, A. Matsubara, S. Nishida, and 
Y. Kakino, “A Tool Path Modification Approach to 

Cutting Engagement Regulation for the Improvement of 
Machining Accuracy in 2D Milling With a Straight End 
Mill,” J. Manuf. Sci. Eng., vol. 129, no. 6, p. 1069, Dec. 
2007. 

[5] H. Wang, P. Jang, and J. A. Stori, “A Metric-Based 
Approach to Two-Dimensional (2D) Tool-Path 
Optimization for High-Speed Machining,” J. Manuf. Sci. 
Eng., vol. 127, no. 1, p. 33, Feb. 2005. 

[6] J. . Stori and P. . Wright, “Constant engagement tool 
path generation for convex geometries,” J. Manuf. Syst., 
vol. 19, no. 3, pp. 172–184, Jan. 2000. 

[7] N. Nesic, “Modeling and Simulation of Energy 
Efficient Milling Process Plans for Prismatic Parts,” 
ÉCOLE POLYTECHNIQUE FÉDÉRALE DE 
LAUSANNE, 2012. 

[8] B. H. Kim and B. K. Choi, “Machining efficiency 
comparison direction-parallel tool path with contour-
parallel tool path,” Comput. Des., vol. 34, no. 2, pp. 89–
95, Feb. 2002. 

[9] A. Petrović, S. Ivanović, and L. Lukić, “Generating 
Parametres from the NC Code Needed for Defining the 
Optimal Tool Path,” in MMA 2015 - FLEXIBLE 
TEHNOLOGIES, 2015, pp. 157–160. 

[10] S. Ivanović, A. Petrović, and L. Lukić, “Matrix blank 
description as part of module for machining parameters 
generation along the tool path for peripheral milling,” 
IMK-14 – Res. Dev. Heavy Mach., vol. 21, no. 4, pp. 
EN119–124, 2015. 

[11] Petrovic A, Lukic Lj, Ivanovic S, Pavlovic A, 
„Optimisation of tool path for wood machining on CNC 
machines“, Proceedings of the Institution of Mechanical 
Engineers, Part C: Journal of Mechanical Engineering 
Science, (2016) 
[12] A. Petrović, “Optimizacija putanje glodala pri 
konturnoj obradi velikim brzinama rezanja”, PhD Thesis, 
University of Kragujevac, Serbia, 2016.  

[13] A. Dadda, I. Ouhbi, “ A decision support system for 
renewable energy plant projects”, In Proceedings of the 
2014 Fifth International Conference on Next Generation 
Networks and Services (NGNS), Casablanca, Morocco, 
28–30 May 2014. 
[14] Mary, S. and Suganya, G. (2016) Multi-Criteria 
Decision Making Using ELECTRE. Circuits and Systems, 
7, 1008-1020. 
[15] E. Triantaphyllou, B. Shu, S. Nieto Sanchez, and T. 
Ray,” Multi-Criteria Decision Making: An Operations 
Research Approach” Encyclopedia of Electrical and 
Electronics Engineering, John Wiley & Sons, New York, 
NY, Vol. 15, pp. 175-186, (1998). 

B.18



IX International Conference “Heavy Machinery-HM 2017”, Zlatibor, 28 June – 1 July 2017, B.19 – B.22 

*Prof. dr Bogdan Nedic, Faculty of engineering University of Kragujevac, nedic@kg.ac.rs 

Electrode Investigation at Plasma Cutting 
Bogdan Nedić1*,, Marko Janković2, Ivan Peko3 

1Faculty of engineering University of Kragujevac, Kragujevac (Serbia) 
2Yugoimort SDPR, Belgrade (Serbia) 

3 University of Split, Faculty of Electrical Engineering, Mechanical Engineering and Naval Architecture, Split (Croatia) 
 
This paper analyzes electrode at plasma cutting. Importance of the electrodes at plasma process is showed. 

Analyzed influence factor of electrode wear. In the second part of the document is presented experimental research. 
Samples of 15 mm thickness steel plate were cutting with different levels of electrode wear and with different traverse rate. 
The levels of electrode wear, was defined with the number of piercing and cutting length. Visually analysis of samples 
shoved that surface quality, obtained using the worn electrode, can not improve by changing the traverse rates. The quality 
can be the same or the worst. 

Keywords: electrode, plasma torch, consumable elements, number of pierces, cut duration, surface quality 

1. INTRODUCTION 
Plasma jet cutting process was developed at the 

end of 1950s [1]. Plasma can be defined as the fourth state 
of substance which is obtained by supplying a tremendous 
amount of energy to gas or when a gas is subjected to a 
high electric field. In this process an electric arc is 
generated between the electrode and the workpiece. An 
electrode acts as an anode and the workpiece as a cathode. 
The plasma gas expandes with the high velocity through 
the nozzle at the same time an electric current passes 
through the gas with the help of a tungsten electrode due 
to which a high intensity plasma jet is generated. This jet 
is able to melt or vaporize the plate surface that should be 
cut and to blow the molten metal away from the cut. The 
most commonly used gases for this process are 
compressed air, nitrogen, argon-hydrogen, oxygen and 
their combinations. They can be used both as a plasma and 
shield gases.  

Main components of plasma jet cutting system are 
power supply unit, an arc starting circuit and a torch. In 
order to obtain good quality at plasma cutting, it is very 
important to well know each of these components. 

In this paper will be analyzed electrode, which is 
the part of plasma torch. Theoretical consideration will be 
presented. In the second part of paper is presented  
experiment. The aim of the experiment was to exam the 
influence of piersing and cutting length on the electrode. 
Also aim is try to reduce negative effects of worn 
electrodes on surface quality by changing the cutting 
speed. 

2. ELECTRODE 
The first torches were squared-off, clunky hunks 

of plastic [2]. These torches did the trick, but as plasma 
cutting and gouging evolved, it became clear torches 
needed to evolve as well to withstand harsher conditions 
and meet a wider variety of needs. After all, the torch that 
cuts perfect parts on a CNC table is not necessarily the 
torch that works well in a 3-D cutting application. For 
hand cutting, a torch used to cut a flat piece of steel does 
not necessarily work for someone trying to gouge out a 
weld on the pipeline. 

Engineers quickly realized the solution was to 
remove the starting mechanism from the torch and build it 
into the electrode. It was not easy, but after much work, 
engineers figured out a way to get rid of the plunger inside 
the torch body and replace it with a blowback spring on 
the back end of the electrode. This technology opened up 
all sorts of possibilities for torch design as engineers were 
no longer limited to a certain size or shape. 

As a result, many different torch styles are 
available today: short, long, angled, straight. They are 
made for both hand-held and mechanized cutting and 
gouging, as well as robotic cutting.  

Plasma cutting torches operate at extremely high 
temperatures, and various parts of the torch must be 
considered to be consumable. 

Electrodes for high power plasma cutting systems 
are highly engineered consumable parts, similar in design, 
material, and function to an automotive spark plug. 
Electrodes emit high voltage electricity in a very hot 
environment, and they are the hardest working part in the 
system. 

 

 
Fig. 1 Torch Hypertherm 260A [3] 

It is important to establish correlation between the 
electrode and influencing factors on the electrode wear. In 
this area there are manufacturers recommendations of 
plasma torch which is mainly confined to the time period 
of replacing electrode as well as advice how to extend the 
life of electrode. 

In a properly functioning system and quality cut 
plasma cutting, three key factors affect on electrode life [4, 
5]: 
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1. Number of pierces – Stresses to the electrode 
during arc initiation and termination cause hafnium 
erosion. 

2. Cut duration – Heat stress developed during 
long cuts erodes the hafnium. 

3. Material thickness – Thick materials require 
higher output current, which causes more rapid hafnium 
erosion. In addition, thick materials take longer to pierce, 
causing increased nozzle and electrode wear. 

Over the years plasma cutting technology has 
introduced numerous advances to mitigate these wear 
factors. Manufacturers improved and controlled many of 
the processes and parameters during plasma cutting, but 
electrode wear could not be avoided, but it is reduced and 
more controlled. 

So in try to extend the life of the electrode and to 
improve surface quality by the concrete problems, 
thickness of the material can not be change, so the solution 
must be sought in number of pierces and cut thickness. 

Researchers [6] published that the consumption of 
electrodes depends more strongly on the number of arc 
starts than on arc-on time. That mens that on pirces should 
be given more attention and analysis 

 

3. EXPERIMENTAL EXAMINATION AND 
DISCUSSION 

Based on theory it is clear that the electrode wear 
affects on the surface quality, which also can be seen from 
previously conducted experiments. In this experiment, 
were used electrodes with different wear levels. The levels 
of electrode wear, was defined with the number of piercing 
and cutting length. 

Table 1 Levels of electrode wear 
Level of 

electrode wear 
Number of 

pierces 
Cutting length 

(mm) 
The first - I 110 24 000 

The second - II 215 48000 
Thr third - III 320 74000 

 

   the First 

    the Second 

  the Third 

Fig. 2 Level of electrode wear 

Visually cen see that electrode with second and 
third level of electrode wear are more damaged from the 

electrode with the first level of wear, which is logical since 
they have a larger number of piercing as well as cutting 
length. 

The cuts were performed on CNC machine 
STEELTAILOR, used 15 mm thickness steel plate 
material for creating 9 cuts. Parameters plasma cut 
process: nozzle diameter 1.2 mm, gas pressure 6 bar, 
cutting height 5 mm.  

Traverse rate was chosen taking in account the 
tablet values for cutting operations of this kind that can be 
found in the technical literature and 20% bigger and 20 % 
less. Other process parameters such as gas flow, distance 
from the work piece were constant for the observer level 
of electrode wear. Used current was 60 A. The quality of 
samples will be visually analyzed. 

Table 2 Parameters of samples for analysis  

Sample 
number 

Level of electrode 
wear 

Traverse rate 
mm/min 

1 I 530 
2 I 425 
3 I 635 
4 II 530 
5 II 425 
6 II 636 
7 III 530 
8 III 425 
9 III 635 

 
Fig. 3 Cutting with the First level of electrode wear and 

530 mm/min (sample 1) 

 
Fig. 4 Cutting with the First level of electrode wear and 

425 mm/min (sample 2) 

Surface quality of sample 1 can be described as 
very bad. The cut has unacceptable deviation from the 
predicted geometry and there are deposits of waste 
material at the bottom of the plate. So the First level of 
electrode wear and tablet traverse rate value can not be 
used for pieces less tolerance of ± 5mm. With reducing 
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traverse rate by 20% the surface quality is even worse, 
while increase by 20% does not change the surface quality. 

 
Fig. 5 Cutting with the First level of electrode wear and 

635 mm/min (sample 3) 

 
Fig. 6 Cutting with the Second level of electrode wear and 

530 mm/min (sample 4) 

 
Fig. 7 Cutting with the Second level of electrode wear and 

425 mm/min (sample 5) 

 
Fig. 8 Cutting with the Second level of electrode wear and 

635 mm/min (sample 6) 

 Surface quality of sample 4 can be described as 
worse than then cutting with the First level of electrode 
wear. The cut has unacceptable deviation from the 
predicted geometry and there are deposits of waste 
material at the bottom of the plate. The upper side of the 
cut is larger than anticipated, and the lower is narrower. 
Axis from the upper and lower sides of the cut do not 
match. Reducing trvaverse rate by 20% does not change 

the surface quality. With increase traverse rate by 20% the 
surface quality is even worse. 

 
Fig. 9 Cutting with the Third level of electrode wear and 

530 mm/min (sample 7) 

Surface quality of sample 7 can be described as 
amazing good. There is a small amount of waste material 
from the bottom side and one side of the cut have a small 
tilting. Cause of such good result can be considered by 
presence of influence factors, unaffected by the operator, 
and some of them are variations of current, variations of 
air quality, variations in air pressure, etc... These factors 
may have an impact improvements, as well as the 
deterioration of the surface quality. These effects are never 
able to completely avoid, but it is possible to reduce them 
on minimal level. This can be done with the maximum 
quality of compressed air, pneumatic and electrical 
installations. 

 
Fig. 10 Cutting with the Third level of electrode wear and 

425 mm/min (sample 8) 

 
Fig. 11 Cutting with the Third level of electrode wear and 

635 mm/min (sample 9) 

Reducing traverse rate by 20% does not change 
the surface quality. Increase traverse rate by 20% (sample 
9) the surface quality is very very bad. The geometry and 
the direction of the cut are unacceptable, and this 
combination was not even able to get through the entire 
length of the cut material. When using the Third level of 
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electrode wear, the quality is unstable and these electrode 
should not be used 

4. CONCLUSION
This document analyzes the electrodes, as well as 

its impact on the surface quality. Has been shown that the 
number of pierces and cutting length affect on electrodes 
condition and therefore affect on surface quality. 

As a conclusion of considered analysis, can said 
that all electrode with more than 110 pierces and 24000 
mm section are not adequate for cutting 15 mm thickness 
steel plate. Surface quality, obtained by using the worn 
electrode, can not improve by changing the cutting speed. 
The quality can be the same or the worst.  

Therefore, on electrode should be paid great 
attention. 
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Drilling of composite materials is a very common and an important process used in industry to perform the assembly 
of automotive composite structures. However, during the drilling of composite materials many problems arise, among which 
delamination is considered as the most prevalent life limiting damage growth mode. Drilling-induced delamination is directly 
related to the component of cutting force along the drill axis which greatly depends on the feed rate. In this paper, analytical 
models were developed to predict critical axial load and feed rate necessary to propagate the delamination. The analysis 
conducted is based on linear elastic fracture mechanics, classical plate bending theory and mechanics of oblique cutting. 
The models can be used to maximize productivity in free-delamination drilling. 

Keywords: Composite laminates, Drilling, Analytical modeling, Delamination, Thrust force, Feed rate
1. INTRODUCTION 

The importance of composite materials has been 
growing over the last thirty years. These materials have a 
variety of unique properties, including light weight, high 
value of stiffness, excellent corrosion resistance and high 
specific strength. Due to these distinctive properties, they 
have been widely used in many different applications, such 
as automobile, and sport goods. With the growing usage of 
composites in different industrial applications, there is a 
strong need to understand the issues associated with the 
manufacture of composite components. The existing 
manufacturing technique of fabricating to near-net shape is 
incomplete unless the component is subjected to secondary 
machining operations like trimming, finish grinding, and 
drilling holes based on the requirement [1, 2]. 

 Hole making operations like drilling are frequently 
needed in composite structures, as the use of bolts, rivets or 
screws is required to join the parts. But, drilling is quite 
difficult and challenging due to high tendency of composite 
laminates to delamination [3]. Delamination is the most 
common damage mechanisms in laminated composites. 
This type of damage is caused by the low interlaminar 
strength of the composite plate and high transverse cutting 
forces. Two important mechanisms of delamination were 
‘Peel-up’ at the drill entry and ‘push-down’ at the exit side 
of the laminate, as shown in Figure 1. Peel-up happens as 
the drill bit enters the composite plate. After the cutting 
edge of the drill comes into contact with the laminate, the 
cutting force acting in the peripheral direction is the driving 
force for delamination. It produces a peeling force in the 
axial direction through the slope of the drill flute resulting 
in separation of the layers from each other at the top, 
forming a delamination zone. The peeling force varies with 
tool geometry and friction between the tool and the 
workpiece. Push-out is the delamination mechanism 
happening as the drill bit reaches the back side, exit side, of 
the plate, where the uncut thickness is smaller and 
resistance to flexural deformation decreases. At some point, 
the load goes beyond the interlaminar bond strength and 
delamination happens. A different drill geometry and 
cutting conditions can prevent delamination propagation by 
means of reducing the cutting forces. In practice, it has been 

shown that the delamination associated with push-out is 
more severe than that associated with peel-up [4-7]. 

 
Figure 1: Two mechanisms of delamination in drilling 

process. 
It has been shown that delamination at the hole exit, 

push-out, is directly related to the component of cutting 
force along the drill axis known as thrust force [8-10]. The 
study of thrust force is thus interesting in order to reduce 
delamination. Several authors have developed models in 
order to predict the critical thrust force for delamination 
propagation. The first analytical model was formulated by 
Hocheng and Dharan [11] based on linear elastic fracture 
mechanics. The isotropic behavior and pure bending of the 
laminate are assumed in their model. Single circular 
delamination located at the mid-plane is assumed in their 
model as shown schematically in Figure 2.   

 
Figure 2: Circular plate model for delamination analysis 

(twist drill) [1].
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Nomenclature 
ε drill point angle Fh projection of force on drill axis 
i inclination angle Fhu horizontal force 
ψ helix angle Fvu vertical force 
φ chisel edge angle T total thrust force 
γ rake angle TL thrust force on cutting lips 
γs static portion of rake angle TC thrust force on chisel edge 
γd dynamic portion of rake angle Texp Experimental thrust force 
γm average rake angle a crack radius 
γc chisel edge rake angle w deflection of plate 
rc chisel edge radius A delamination area 
R drill radius D flexural rigidity 
ρ normalized radius D’ equivalent flexural rigidity 
tc half the thickness of the chisel edge Ud Strain energy absorbed by crack growth 
t cutting depth U stored strain energy 
f feed rate W work done 
G Geometrical parameter GIC critical strain energy release rate in 
Kn specific energy for vertical force  mode I 
Kn,chisel specific energy at chisel edge   

Based on these assumptions, they determined the 
threshold load known as critical thrust force Fcr leading to 
the onset of delamination as follows: 

 𝐹𝐹𝑐𝑐𝑐𝑐 = 𝜋𝜋�32𝐺𝐺𝐼𝐼𝐼𝐼𝑀𝑀 (1) 

      = 𝜋𝜋�8𝐺𝐺𝐼𝐼𝐼𝐼𝐸𝐸ℎ3

3(1−𝜐𝜐2)
  

Where 𝑀𝑀 = 𝐸𝐸ℎ
12(1−𝜐𝜐2)

 is the stiffness per unit width of 

the fiber reinforced material, E is Young’s Modulus and υ 
is Poisson’s ratio for the material. To avoid drilling-induced 
delamination, the applied thrust force should not exceed this 
threshold value, which is a function of the material 
properties and the uncut thickness.  

Jain and Yang [12, 13] developed this model, 
considering the anisotropy of the material and 
hypothesizing that the cracks are elliptical. In their model, 
the drilling thrust force is simplified by a representative 
single concentrated central load. Lachaud et al. [14] 
determined critical axial force for two cases, concentrated 
and uniformly distributed, considering an embedded small-
diameter circular plate and non-propagated cracks. 
Hocheng and Tsao [15, 16] extended this model, taking into 
consideration a series of loading types for various drill 
types. 

The main parameter which influences the value of 
the thrust force in drilling is feed rate [14, 17, 18]. Several 
analytical models were developed to relate the drilling 
thrust force with feed rate based on mechanics of 
orthogonal and oblique cutting. Relating thrust force with 
feed rate is important because feed rate can be directly 
controlled. One of the most accurate published cutting force 
prediction models for drilling composite is presented by 
Langella et al. [19]. They used the orthogonal cutting model 
suggested by Caprino et al. [20, 21] as a basis by observing 
that during a drilling process the prerequisites for 
orthogonal cutting are met for an infinitesimal instant. 

In the present study, an orthotropic analytical model 
is developed to predict the critical thrust force based on 
linear elastic fracture mechanics, classical plate bending 

theory and energy conservation. Furthermore, this critical 
force is used in the cutting force model presented by 
Langella to determine the critical feed rate at the onset of 
delamination. 

2. MECHANICS OF OBLIQUE CUTTING 
Most of the studies on drilling composites have 

adopted the empirical approach which is very useful in 
observing the effect of process parameters. However, 
theoretical studies are needed to understand the physics of 
composite drilling. From an analytical point of view, the 
different machining processes may be classified into two 
categories, namely orthogonal cutting processes and 
oblique cutting processes. In the orthogonal cutting, the tool 
approaches the workpiece with its cutting edge parallel to 
the uncut surface and at right angles to the direction of 
cutting. Thus, tool approach angle and cutting edge 
inclination are zero. This type of cutting is also known as 
two-dimensional cutting. In many cases, orthogonal cutting 
is assumed for simplifications reasons. Caprino et al. [20, 
21] conducted a series of experiments on orthogonal cutting 
of fiberglass composites to find an analytical model for 
cutting forces as shown below: 

 𝐹𝐹ℎ𝑢𝑢 = 4.29 + 257.804 × 10−0.019𝛾𝛾𝑡𝑡 (1.a) 

 𝐹𝐹𝑣𝑣𝑢𝑢 = 95.3 × 10−0.02𝛾𝛾𝑡𝑡0.5 (1.b) 

Where Fhu and Fvu are, respectively, the horizontal 
and vertical forces per unit of width of the tool, γ is the rake 
angle and t is the cutting depth, as shown in Figure 3. 
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Figure 3: Cutting forces in orthogonal cutting process. 

Caprino’s model is only valid for orthogonal cutting 
which limits its application for the drilling process, which 
is three-dimensional and oblique. In the oblique cutting, the 
cutting edge of the tool is inclined at an acute angle with the 
direction of tool feed, the chip begins disposed of at a 
certain angle. This type of cutting is called three-
dimensional cutting. Oblique cutting is more difficult to 
analyze and few attempts have been made to understand the 
mechanics of oblique cutting. .Even so, as reported in [19], 
it is possible to extend the scope of this model as follows: 

 𝐹𝐹ℎ𝑢𝑢 = 𝐴𝐴 + 𝐵𝐵 × 10−0.019𝛾𝛾𝑡𝑡 (2.a) 

 𝐹𝐹𝑣𝑣𝑢𝑢 = 𝐵𝐵 × 10−0.02𝛾𝛾𝑡𝑡0.5 (2.b) 
Where A, B, a, and b are the constant coefficients 

depending on the drilling conditions. Langella [19] showed 
that if the value of the rake angle is in radian, then a = b = 
1.089. 

To use these formulas for the drilling process, the 
cutting depth t which is a function of feed rate f and drill 
point angle ε should be calculated. Owing to the fact that 
the drill point angle ε and inclination angle i change along 
the cutting lips of the drill, an integration along the whole 
length of the cutting lips is needed to obtain the total cutting 
forces. 

Figure 4 shows a schematic of a standard twist drill 
geometry. In this figure, R is the drill radius, rc is the chisel 
edge radius, tc is the half the thickness of the chisel edge, ψ 
is the helix angle and ε is the drill point angle. The 
elementary area dA is equal to the product dx(f/2), where f 
is the feed rate and f/2 is the cutting depth as there are two 
cutting lips. From geometry, one can derive: 

 𝑑𝑑𝑑𝑑 = 𝑑𝑑𝑑𝑑 cos 𝑖𝑖(𝜌𝜌) = 𝑅𝑅𝑑𝑑𝜌𝜌 cos 𝑖𝑖(𝜌𝜌) (3) 
where ρ is the normalized radius ( ρ = r/R ) and i is 

inclination angle that varies depending on the radius along 
the cutting lip of the drill (ρ). 

 
Figure 4: The nomenclature of the standard twist drill 

features. 

Based on drill geometry; 

 𝑡𝑡𝑐𝑐 = 𝑐𝑐
sin(𝜀𝜀2)

sin 𝑖𝑖(𝜌𝜌) (4) 

 𝑖𝑖(𝜌𝜌) = sin−1 �𝑡𝑡𝑐𝑐
𝜌𝜌

sin(𝜀𝜀/2)� (5) 

To calculate cos i(ρ) approximately, 

 Cos 𝑖𝑖(𝜌𝜌) = �1 − sin2𝑖𝑖(𝜌𝜌) = �1 − 𝑡𝑡𝑐𝑐2 sin2(𝜀𝜀/2)
𝜌𝜌2𝑅𝑅2

≈ (6) 

≈ 1 −
𝑡𝑡𝑐𝑐2 sin2(𝜀𝜀/2)

2𝜌𝜌2𝑅𝑅2
 

and, therefore: 

 𝑑𝑑𝑑𝑑 = �1 − 𝑡𝑡𝑐𝑐2 sin2(𝜀𝜀/2)
2𝜌𝜌2𝑅𝑅2

� 𝑅𝑅𝑑𝑑𝜌𝜌 (7) 

In order to calculate the total thrust force applied on 
cutting lips, ignoring the chisel edge section, the projection 
of force Fh on drill axis is integrated along the cutting lips. 
By substituting the values of t and dx shown in Figure 3, we 
can derive: 

 𝑇𝑇𝐿𝐿 = 2∫ …1𝜏𝜏  (8) 

𝐵𝐵 × 10−10.089𝛾𝛾 �𝑓𝑓
2
�
1
2 �1 −

𝑡𝑡𝑐𝑐2 sin2�
𝜀𝜀
2�

2𝜌𝜌2𝑅𝑅2
�𝑅𝑅𝑅𝑅𝑖𝑖𝑅𝑅 �𝜀𝜀

2
� 𝑑𝑑𝜌𝜌                                                                               

Where the limits of integration are: 

                   lower: 𝜏𝜏 = 𝑐𝑐𝑐𝑐
𝑅𝑅

= 𝑡𝑡𝑐𝑐/ sin𝜑𝜑 
𝑅𝑅

 (9) 

                   upper: 𝑅𝑅
𝑅𝑅

= 1 (10) 

Where φ is the chisel edge angle. In Eq. (8) the rake 
angle γ is the sum of static γs and dynamic γd sections which 
vary depending on the radius (ρ). 
 𝛾𝛾 = 𝛾𝛾𝑠𝑠 + 𝛾𝛾𝑑𝑑 = (11) 

= tan−1 �
𝜌𝜌 tan𝜓𝜓

sin(𝜀𝜀/2)
� 

To simplify integration, an average value of the rake 
angle γm is defined as below: 

 𝛾𝛾𝑚𝑚 =
∫ �tan−1� 𝜌𝜌 tan𝜓𝜓sin(𝜀𝜀/2)�+ tan

−1� 𝑓𝑓
2𝜋𝜋𝜌𝜌𝜋𝜋��

1
𝜏𝜏 𝑑𝑑𝜌𝜌

∫ 𝑑𝑑𝜌𝜌1
𝜏𝜏

 (12) 

Finally, after simplification, the resulting adjusted 
thrust force exerted on the cutting lips will be: 

 𝑇𝑇𝐿𝐿 = 2𝐵𝐵 × 10−1.089𝛾𝛾𝑚𝑚(𝑓𝑓
2
)0.5𝐺𝐺 (13) 

Where geometrical parameter G is defined as 
follows: 

 𝐺𝐺 = ∫ �1 − 𝑡𝑡𝑐𝑐2 sin2(𝜀𝜀/2)
2𝜌𝜌2𝑅𝑅

�𝑅𝑅 sin �𝜀𝜀
2
� 𝑑𝑑𝜌𝜌1

𝜏𝜏  (14) 

 =
sin�𝜀𝜀2��1−

𝑟𝑟𝑐𝑐
𝜋𝜋 �

2𝑐𝑐𝑐𝑐
(2𝑑𝑑𝑐𝑐𝑅𝑅 − 𝑡𝑡𝑐𝑐2) sin(𝜀𝜀

2
)  

Where rc is the chisel edge radius defined as below: 

 𝑑𝑑𝑐𝑐 = 𝑡𝑡𝑐𝑐
sin𝜙𝜙

= 𝜏𝜏𝑅𝑅 (15) 

And unknown parameter B is determined as follows: 

 𝐵𝐵 × 10−10.089𝛾𝛾𝑚𝑚 = 𝐾𝐾𝑛𝑛 (16) 
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Where Kn is the specific energy for the vertical force 
which can be determined by means of a single test as 
described in [19]. 

The same approach is used to calculate the total 
thrust force exerted on the chisel edge, considering the fact 
that the rake angle of the chisel edge γc is assumed to be 
constant. 

 𝑇𝑇𝐼𝐼 = 2𝐶𝐶 × 10−1.089𝛾𝛾𝑐𝑐(𝑓𝑓)0.5𝑡𝑡𝑐𝑐 (17) 
Where the chisel edge rake angle is obtained as 

follows: 

 𝛾𝛾𝐼𝐼 = − tan−1(tan(𝜀𝜀/2) cos𝜙𝜙) (18) 

In order to determine unknown constant C, the 
specific energy at the chisel edge Kn,chisel is used: 

 𝐶𝐶 × 10−10.089𝛾𝛾𝑐𝑐 = 𝐾𝐾𝑛𝑛,𝑐𝑐ℎ𝑖𝑖𝑠𝑠𝑖𝑖𝑖𝑖  (19) 

The specific energies can be determined by a single 
drilling test. In this method, a drilling sample with a pilot 
hole is prepared. The diameter of the pilot hole is equal to 
the length of chisel edge and its depth is equal to the half 
thickness of the specimen. This sample is drilled and the 
experimental thrust forces in each section are measured. 
The values of the specific energies are determined as 
follows: 

 

 𝐾𝐾𝑛𝑛 = 𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒
2(𝑓𝑓/2)0.5𝐺𝐺

 (20) 

 𝐾𝐾𝑛𝑛,𝑐𝑐ℎ𝑖𝑖𝑠𝑠𝑖𝑖𝑖𝑖 = 𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑐𝑐ℎ𝑖𝑖𝑖𝑖𝑒𝑒𝑖𝑖

2𝑡𝑡𝑐𝑐𝑓𝑓0.5 (21) 

The total thrust force will be the sum of the part 
values generated by cutting lips and the chisel edge. 

 Analytical approach 
In drilling composite laminates, when the drill bit 

approaches the exit side, the uncut plies withstanding the 
axial force become more susceptive to deformation owing 
to decrease of its thickness. Eventually, the force applied to 
the uncut plies exceeds the interlaminate bond strength and 
delamination occurs. This happens before the laminate is 
completely penetrated by the drill. 

The present analytical analysis is based on a number 
of assumptions. Propagation of delamination is assumed to 
be due to the pressure of the drill tool on the last layers and 
it is directly related to the axial load. Besides, the effect of 
drill rotation is neglected; hence, mode III delamination 
caused by tool rotation is regarded as having secondary 
significance in the analysis. Therefore, the kinetic energy of 
propagation applied within the scope of a mode I linear 
elastic fracture mechanism can be used to predict the 
initiation of delamination. 

The energy balance equation at the onset of 
delamination propagation gives: 

 𝑑𝑑𝑈𝑈𝑑𝑑 = 𝑑𝑑𝑈𝑈 − 𝑑𝑑𝑑𝑑 (22) 
Where dU is the infinitesimal stored strain energy, 

dW is the infinitesimal work done by the thrust force and 
deflection of plate. dUd is the infinitesimal strain energy 
absorbed by crack growth which is as follows: 

 𝑑𝑑𝑈𝑈𝑑𝑑 = 𝐺𝐺𝐼𝐼𝐼𝐼 .𝑑𝑑𝐴𝐴 (23) 

Where dA is the change in the delamination area and 
GIC is the critical strain energy release rate in mode I, which 

is assumed to be constant according to Saghizadeh and 
Dharan [22]. Assuming the crack to be circular: 

 𝑑𝑑𝐴𝐴 = 2𝜋𝜋𝜋𝜋𝑑𝑑𝜋𝜋 (24) 

To calculate the work and stored strain energy, the 
deflection of the plate has to be calculated. According to the 
classical plate bending theory applied to axisymmetrical 
circular plates loaded transversely with small deformations, 
and taking into account a shear force of intensity q, the 
equation of equilibrium of the plate is given by [23, 24]: 

 ∇4𝑤𝑤 = 1
𝑐𝑐
𝑑𝑑
𝑑𝑑𝑐𝑐
�𝑑𝑑 𝑑𝑑

𝑑𝑑𝑐𝑐
�1
𝑐𝑐
𝑑𝑑
𝑑𝑑𝑐𝑐
�𝑑𝑑 𝑑𝑑𝑑𝑑

𝑑𝑑𝑐𝑐
��� = 𝑞𝑞

𝐷𝐷
 (25) 

Where bending stiffness for orthotropic material is: 

 𝐷𝐷 = 3𝐷𝐷11+2𝐷𝐷12+4𝐷𝐷66+3𝐷𝐷22
8

 (26) 
Figure 4. shows the schematic of delamination in the 

last uncut laminae of the workpiece. In this figure, T is the 
total thrust force exerted by a twist drill which is assumed 
to be distributed uniformly over the entire length of the drill 
bit, and a is the radius of crack. For a circular orthotropic 
plate clamped at the edges and subjected to a uniformly 
distributed load (q) over the central circular area of radius 
R, the amount of deflection is expressed as: 

 
Figure 4: Delamination propagation model. 
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(ii) for R < r < a  
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Where the total thrust force T is the sum of force 
applied on the cutting lips and chisel edge expressed as 
below in the form of exponential: 

 𝑇𝑇 = 𝑇𝑇𝐿𝐿 + 𝑇𝑇𝐼𝐼 = 𝐾𝐾𝐿𝐿
𝑖𝑖𝛼𝛼𝐿𝐿𝛾𝛾𝑚𝑚 �𝑓𝑓 + 𝐾𝐾𝐼𝐼

𝑖𝑖𝛼𝛼𝐼𝐼𝛾𝛾𝐼𝐼 �𝑓𝑓 (28) 

Where the constants KL, KC, aL and ac are calculated 
based on the following equations: 

 𝐾𝐾𝐿𝐿 = √2𝐵𝐵𝐺𝐺 (29.a) 

 𝐾𝐾𝐼𝐼 = 2𝐶𝐶𝑡𝑡𝑐𝑐 (29.b) 

 𝜋𝜋𝐿𝐿 = 𝜋𝜋𝐼𝐼 = 1.089 ln (10) (29.c) 
The work done is: 

                      𝑑𝑑 = ∫𝑑𝑑𝑤𝑤 = ∫ ∫ 𝑞𝑞𝑤𝑤1(𝑑𝑑)𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑟𝑟 2𝜋𝜋
0

𝑐𝑐
0           (30) 
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And the total stored strain energy is the sum of the 
part values generated by the inner and outer portion: 
(i) for 0 < r < R  

 𝑈𝑈1 =  𝑇𝑇2
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(ii) for R < r < a  
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After calculation of the work done and stored strain 
energy, resolving the energy balance equation gives the 
expression of the resulting critical thrust force: 

 𝑇𝑇𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡𝑖𝑖𝑐𝑐𝑎𝑎𝑖𝑖 = 𝜋𝜋�32𝐺𝐺𝐼𝐼𝐼𝐼𝐷𝐷
1−1/2𝑠𝑠2

 (32) 

Finally, by replacing the total force with its value as 
a function of feed rate f, as expressed in Eq. (9), the critical 
feed rate will be: 

 𝑓𝑓𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡𝑖𝑖𝑐𝑐𝑎𝑎𝑖𝑖 = 32𝜋𝜋2𝐺𝐺𝐼𝐼𝐼𝐼𝐷𝐷
𝜒𝜒2(1−1/2𝑠𝑠2)2

 (33) 

Where s = R/a, and the constant χ is calculated as 
below: 

 𝜒𝜒 = 𝐾𝐾𝐿𝐿
𝑖𝑖𝛼𝛼𝐿𝐿𝛾𝛾𝑚𝑚

+ 𝐾𝐾𝐼𝐼
𝑖𝑖𝛼𝛼𝐼𝐼𝛾𝛾𝐼𝐼

 (34) 

To avoid drilling-induced delamination, the applied 
thrust force and adjusted feed rate should not exceed these 
critical values. 

3. DISCUSSION AND CONCLUSIONS 
In this paper, analytical models to predict critical 

thrust force and feed rate at the onset of delamination are 
proposed. To achieve this aim, the oblique cutting model 
proposed by Langella was employed to determine an 
analytical relation between feed rate and thrust force. The 
force exerted by the rotating twist drill to the laminate is 
assumed to be distributed uniformly over the entire length 
of the drill bit. Then, elastic fracture mechanics and 
classical plate bending theory were used to determine the 
critical thrust force above which delamination is initiated. 
Finally, the critical feed rate for the onset of delamination 
was modeled by combining the resulting equations for the 
oblique cutting model and critical thrust force. The results 
of the proposed analytical models can be investigated from 
different points of view. For example, the effects of each 
drill geometrical parameters, such as point angle, helix 
angle or rake angle, on the critical feed rate can be studied. 
However, it is not possible to discuss all these findings and 
investigations in this article. In brief, proposed model 
provides the possibility of using optimal feed rate directly 
to avoid delamination. Detailed results of the proposed 
models including experimental data will be published in 
future articles. 
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This paper examines possibility the use of the simulation process in small and medium enterprises in order to 
support the decision-making process. Namely, the success of small and medium enterprises to adapt to constant changes in 
the environment largely depends on the different strategies and management decisions taken by managers at the 
operational level. The applied model recognizes the specificities of SMEs, such as a large range of products, the use of a 
wide variety of materials, production in small batches and requests for reduction of lead time. The effects of applying the 
model to increase the efficiency and effectiveness of the simulated systems will be monitored through performance 
measures, i.e. by monitoring performance measures depending on the process of simulated values of the model parameters. 
Through a series of experiments the effects of changes in inventory management policies, the availability and size of the lot 
were simulated. Performance measures which are monitored are performance for the delivery, capacity utilization, 
inventory turnover, and others. The results of experiments showed that the variation of the model parameters should be 
oriented simultaneously towards several of the aforementioned directions. 

Keywords: decision-making, performance measures, simulation, SMEs
1. INTRODUCTION 

World markets at which many of nowadays small 
and medium enterprises operate are characterized by fast 
changing needs and expectations of customers. Only 
companies which have learnt how to adapt quickly and 
efficiently and which are fast learners will survive [1,2]. 
Consequently, the success of small and medium 
enterprises to adapt to constant changes in the environment 
largely depends on the different strategies and 
management decisions taken by managers from top to 
bottom level [2,3,4].  

Small businesses are more flexible, compared to 
big ones, and have the ability to quickly adapt to constant 
change, but their main problem is the lack of resources 
(financial resources, lack of modern equipment, 
knowledge and the like). Consequently, SMEs are trying 
to achieve the synergistic effect of a whole and be as 
efficient and effective as possible. That synergistic effect 
depends heavily on both chosen strategy and managerial 
decisions made by the managers at the all level during 
adjustment of work processes. Research has shown that 
managers, in most cases, make decisions that are most 
advantageous for a business entity in their charge. Of 
course, such decision-making is influenced by the 
objectives and politics of the organizational unit in their 
charge.  

The reasons why managers, in most cases, make 
decisions closely tailored to the business entity in their 
charge, should be sought in the fact that, without a quality 
software solution and a quality training encompassing 
problems of the influence of partial (individual) 
managerial decisions on the overall optimum of the 
system, they are unable to perform their activities [2,4]. 

Any decision making process has several steps 
(phases) but should always flow from a thorough analysis 
of the given situation to a good understanding of options 
and alternatives, and reliable forecasting. It's often seeking 

a compromise between costs and benefits in order to 
achieve optimal outcome. Therefore, Decision makers 
faced with complex problems which often have multiple, 
conflicting objectives for its solution. To be acceptable, a 
solution must reconcile these conflicting goals. 

A variety of analytical techniques have been 
developed to help decision makers to solve problems with 
multiple criteria. Consequently, decision makers have 
turned to analysts and analytical modelling techniques to 
enhance their decision making capabilities. Since real 
processes in small and medium-sized enterprises comprise 
a very large number of interrelated variables, their 
modelling requires a lot of experience and use of 
mathematical tools. Modern research in the field of 
computer modelling and simulation are in constant search 
for new and better approaches to the specification and 
implementation of simulation models in manufacturing 
systems. Thus, the development of computers has opened 
a new perspective in this regard and created the conditions 
for a wider use of modelling and simulation techniques 
[4,5,6,7]. 

Taking the above mentioned problem into account, 
this paper is searching for a solution on how chosen 
strategies and managerial decisions made by the managers 
may affect the overall performance of the enterprise as a 
whole. The model for simulation processes used in this 
research is built by using system dynamics method. The 
effects of applying the model to increase the efficiency 
and effectiveness of the simulated systems will be 
monitored through performance measures, i.e. by 
monitoring performance measures depending on the 
process of simulated values of the model parameters. 
Process performances which have to be monitored are 
performance for the delivery, capacity utilization, 
inventory turnover, and others. 
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2. DEVELOPMENT OF MODEL FOR SIMULATION 

2.1. Models, modelling and simulation 
The creative process of creating the model is called 

modelling. The model represents the real system with a 
description of those features that are relevant for a given 
study. The models are always abstractions of the real 
system, and retain only those features originals that are 
relevant to the purpose of his study. The level of 
abstraction in the modelling process affects the validity of 
the model and the performance of the model representation 
of the real system. The creative process of creating the 
model is called modelling [1,7,8].  

The simulation process involves a number of 
activities related to the experimental determination of the 
effects that occur in the system, process or model which 
imitates them. In addition, the simulation involves 
analysing the results based on the developed criteria: test 
(verification) and validity (validation) of the model [4,9]. 
Experimenting on the simulation model, as experimenting 
with real objects, for various reasons it is not always 
possible, leads to information about the behaviour of the 
elements of the real system [7,10,11,12]. Simulation on 
models, industrial systems can explore and improve their 
condition through appropriate methods and techniques, 
primarily by monitoring the time course of the effects of 
changes in the system.  

In this paper we propose a modular system 
dynamics model of integrated business processes. System 
Dynamics is an academic discipline emerged during the 
1960s at the Massachusetts Institute of Technology (MIT), 
led by Professor Jay Forrester [10]. It's a method for 
continuous system simulation with feedback, i.e. system in 
which individual elements can affect itself through a chain 
of cause and effect. The general process of simulation, 
which is accepted in this work, basically involves the 
process of building simulation models, planning and 
execution of simulation experiments and analyses the 
results and draws conclusions [2, 4, 14, 15]. 

2.2. Development of a model for the simulation 
Constant changes of environmental conditions and 

disturbances in the business processes of small and 
medium enterprises require the development of a flexible 
simulation model of production process flows. In front of 
this model there are specific requirements that are 
reflected in: 

– the necessity to follow different trends in demand 
of finished products, 

– the simulation procedures of planning and 
adjustment of work processes, 

– requirements for continuous monitoring of 
materials, work in process and finished products 
and 

– The need for continuous harmonization of the 
distribution of finished products according to 
customers' requirements [2]. 

On this occasion, it is necessary to satisfy the 
specificity of small and medium-sized enterprises, the 
manufacturing sector, which is reflected in: 

– large range of products, 
– using a number of different materials, 

– preparation and execution of the production 
process usually in small batches, 

– need for the development of technical 
documentation in most cases for the modified 
products, and in many cases necessary to start 
modifying technical documents and 

– repeated requests to reduce the time of receipt of 
customer request to bidding and manufacturing 
[2, 4,15]. 

The general process of simulation, which is 
accepted in this work, basically involves the process of 
building simulation models, planning and execution of 
simulation experiments and analyses the results and draws 
conclusions. 

For the need of the simulation process flows in 
small and medium-sized enterprises a modular approach is 
preferred to construction, building simulation models. This 
approach involves building a model of discrete units 
(modules), each unit has its own objective, decision rules 
and performance measures. The advantages of this 
approach to simulation modelling are reflected in: 

– facilitated definition of the purpose of each 
module, 

– simplified verbal, mathematical and logical 
description of the model, 

– adjust the level of details of modules needs 
simulation process, 

– possibilities to improve certain modules without 
the need for changes in other modules, 

– ability to engage the appropriate professional staff 
in the individual modules, 

–  easier debugging model,  
– easy monitoring of processes and simulation 

results and 
– the possibility of a modular approach to building 

simulation program [2,4,16]. 
The model for simulation processes used in this 

research is built by using system dynamics method. The 
logic of the built model is shown in figure 1.  

 
 
 
 
 
 
 
 
 
 
 

M1 FORECASING AND INITIATION OF 
CUSTOMER DEMANDS 

- Forecasting and/or collecting customers' demands 
- Making customer demands plan 

M2 SALES AND DELIVERY 
 - Inventory management of finished goods 

- Opening of work orders 
- Making sales plan 
- Product sales and delivery of finished products 

 

The Customer 
demands plan 

CDP(t,i,q) 

M3 PREPARATION AND EXECUTION OF 
PRODUCTION PROCESSES 
 - Launching of jobs 

- Making productions plan 
- Making material requirements 
- Making resource requirements 
- Scheduling of jobs 
- Production 

The list of open 
work orders 
LWO(t,i,q,td) 

The list of 
finished 
products  
LFP(t,i,q,td) 

M4 INVENTORY MANAGEMENT OF RAW 
MATERIALS 

- Making order of materials 
- Receipt of materials 
- Making the reservation of materials 
- Issuing material to production 

The 
requirements 
of material 
RQM(t,j,q,td) 

The available 
stock of raw 

materijals  
ASM(t,j,q) 

The Customer 
orders 
CO(t,i,q) 

The sales 
forecast 
SF(t,i,q) 

Figure 1: Integrated simulation model 

2.3. Model description 
The chosen modular approach involves building a 

model of discrete units (modules), where each unit has its 
own objective, decision rules and performance measures. 
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By performing simulations under different conditions 
(changing model parameters) performance measures can 
be monitored depending on the process of simulated 
values of the model parameters. As the performance of the 
process to be followed have been adopted for the delivery 
performance, capacity utilization and inventory turnover 
(Table I, II and III) [2, 4, 9, 15,17]. Detailed mathematics 
description of the simulation model is given in our 
previous works [2,4,16], so only the basic logic of the 
developed system dynamics simulation model is described 
below. 

2.3.1. M1-Forecasting and initiation of customer demands 
As a basis for defining the parameters of this 

module sales data in the previous period, sales forecast 
contracts and plans can be used. Based on these data, for 
the period covered by simulation, this module simulates 
the arrival of customer demands (The Customer Demands 
Plan CDP). It is expressed as a function of the order time 
(t), type of product (i) and the order quantity (q). The 
module supports a variety of different types of flow of 
customer demands arrival, as well as variations in these 
flows (Figure 2). 

 

Term unit 

qu
an

tit
y 

qu
an

tit
y  

Orders in fixed periods with fixed quantities 

Orders in fixed periods with variable quantities 

Orders in variable periods with fixed quantities 

Orders in variable periods and with variable quantities 

qu
an

tit
y 

Term unit 

Term unit 

qu
an

tit
y 

Term unit  
Figure 2: The variety of different types of flow of customer 

demands 
2.3.2. M2-Sales and delivery 

This module monitors the reception and processing 
of customer requirements. Module supports two basic 
options for meeting the orders: Make-to-Stock (MTS) and 
Make-to-Order (MTO).  

In the first case the products are delivered directly 
from the warehouse of finished products. If there is not 
sufficient quantity in stock, the request is recorded as 
unrealized customer order. Adjustment of stocks of 
finished products is carried out using defined safety and 
maximum quantities. In the second case, the request shall 
be recorded in the list of unimplemented demands, and 
then a work order is opened. Opening a work order is not 
possible until the development of the necessary technical 
documentation is finished. The time required for 

preparation of technical documentation varies from case to 
case.  

Assuming that the requirements are arriving 
according to the rules defined in the previous module, the 
goal is to find a model to satisfy the demands of customers 
with a minimum level of stocks of finished products 
(Table 1). 

Table 1: Performance and management objectives 
Goal Name Definition 

↑ 
Fulfilment of 
orders from 
existing stocks 

Percentage of the amount of goods 
that customers request and that 
can be met with existing supplies 

↑ Timeliness of 
delivery 

The percentage of orders that are 
met before or as scheduled / 
promised delivery date. 

↑ The value of 
executed orders 

The total value of orders received 
in the relevant period. 

↓ 
The average 
level of finished 
goods supply 

The average value of finished 
goods supply over time 

2.3.3. M3-Preparation and execution of work processes 
The module follows the course from the opening of 

the task to delivery of finished goods to the warehouse. 
Production process is organized as a process focused and 
that a batch method is used (each batch goes through one 
stage of the production process before moving onto next 
stage). The module M3 is associated with the module M2 
through the list of open work orders, and through the 
materials requisitions with module M4 simulation model. 
From the list of open work orders (module M2) the works 
are taken over and their launch is carried out into the 
production process. At the same time, the module is 
forming material requisitions based on the norms of 
material and batch size. 

For each launched work order definitions are 
provided for the start and end of each operation. They 
shall contain the dates of the production plan. The data on 
operations (list of operations) and data on available 
resources are used as a basis for the development of term 
production plan. The ultimate goal is to increase capacity 
utilization while reducing the level of unfinished 
production, so the performance regarding capacity 
utilization and the level of unfinished production are 
imposed as optimization criteria for simulated processes 
(Table 2). 

Table 2: Performance and management objectives 
Goal Performance Definition 

↑ Capacity 
utilization 

The relationship between the required 
and available capacity 

↓ The flow 
coefficient 

Dimensionless number that shows the 
actual production cycle is greater than 
the theoretical production cycle in 
ordinal way switch series from one 
operation the other operation 

↓ 
The average 
level of work 
in progress 

The average value of work in progress  

2.3.4. M4- Inventory management of raw materials 
This module monitors the processes related to 

providing materials necessary for the smooth running of 
the production process. Thereby it includes procedures 
such as inventory control, purchasing and receiving 
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materials. Inventory control method can be implemented 
via Fixed Size Ordering System (Q-system) or Fixed 
Period Ordering System (P-system). 

In the Fixed Size Ordering System, the maximum 
and minimum of standard inventory quantities are defined 
in advance, and the quantity of inventory gradually 
decreases, and when the number reaches ROP (Reorder 
Point Quantity), an order of EOQ (Economic Order 
Quantity) is placed. The Fixed Period Ordering System is 
an inventory control method where orders are periodically 
placed, but the order quantity is different every time and it 
depends of inventory quantity, released orders quantity 
and fluctuation in demand. 

The material requirements are defined in the 
previous module. It is assumed that the purchase lead time 
is known and there are always sufficient quantities of 
material. Also, we assumed that the materials required for 
the process of production are exempted once in the total 
amount when the production process starts. There is a 
tendency to maintain lower inventory levels while 
fulfilling the demand of the production process (Table 3). 

Table 3: Performance and management objectives 
Goal Performance Definition 

↓ 
The average 
level of stocks 
of materials 

The average value of finished goods 
over a period 

↑ Inventory 
turnover 

The ratio of total material 
consumption in a certain period and 
intermediate levels of inventories in 
the same time interval 

2.4. The possibility of applying developed model 
The production process in SMEs is characterized 

by delays in production, lines in front of workplaces, lack 
of materials, and the like. In most cases, the above 
problems have significant impact on most of the process 
because there is no clear knowledge of their impact on the 
overall performance of the enterprises. The reasons are 
usually as follows: 
There is no standardized methodology for planning and 
testing various options and / or  
Not enough time to explore different options.  

It is for these reasons that the developed model 
allows consideration of different options when choosing 
the optimal solution for a given situation. By performing 
simulations for a certain period of time and under certain 
conditions (adjusting process parameters) the future 
behaviour of the process can be predicted shown through 
the expected performance of the process (Table 1, 2 and 
3). These performances are compared to planned 
performances, and if necessary, corrective actions are 
initiated (by changing the parameters of the process). The 
experiment needs to show how such changes affect other 
measures of business performance. 

In this research, we have used our own software in 
the Visual Basic environment to complete the model 
simulation and analysis. The software was primarily 
developed for previous research [16] and for the purposes 
of this research it has been upgraded [4]. This software 
fully supports the developed system dynamics simulation 
model, and allows us to perform simulations through a 
series of discrete events. The user interface allows the 
defining of system elements (production program, demand 

and demand forecast, list and quantity of raw materials, 
normative of raw materials, required and installed 
capacities, initial conditions, etc.) and elements of the 
simulation experiment (period of the simulation, 
simulation step, batch size, inventory management policy 
etc.). ODBC (Open Database Connectivity) interface 
enables data exchange with MS Access, MS SQL Server 
and PostgreSQL databases. This provides partial 
integration of model with existing information systems of 
the enterprise. The software automatically calculates the 
defined performance and results displayed through tables 
and graphics. 

3. CASE AND SIMULATION ANALYSIS 

This paper describes a case study concerning the 
application of simulation in a small company with a lot of 
experience in the manufacture and trade of metal products 
and accessories for different purposes. Production plants 
that cover 3000m2 are equipped with modern machines for 
processing sheet metals of various thicknesses and there is 
a paint shop for electrostatic coating-plasticization. In 
order to simplify the process of analysis, the product 
range, number of raw materials and recourses were 
reduced. So we have 5 kinds of products (with two order 
fulfilment options: Make-to-Order and Make-to-Stock), 30 
kinds of raw material (Fixed Size Ordering System and 
Fixed Period Ordering System), 9 kinds of recourses (13 
units in total) and 9 phases of production. The basic data is 
shown in Tables 4 to 7. 

Table 4: Reduced product range with the demand model 
parameters 
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410000 45 MTS 320 100 200 0 8 16 4 0 
420000 400 MTO 0 0 - 40 8 4 2 120 
440000 120 MTO 0 0 - 16 8 12 4 64 
490000 16 MTS 140 100 200 0 2 6 3 0 

Table 5: Reduced list of material with the corresponding 
parameters of the model (reduced list) 
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 … … … … … … … 

32 201196 28 0 1 10 0 8 
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Table 6: Normative of raw materials (reduced list) 
 j 1 2 … 31 32 
 Material ID 200005 200011 … 200990 201196 
i Product ID   …   
1 400000 0.85 0.43 …  0.01 
2 410000  0.40 …  0.01 
3 420000 3.67 0.17 … 8.00  
4 440000  3.50 …   
5 490000  0.12 …   

Table 7: Capacity required per product unit 
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1,2 HMZ 10 15 3.33 1.50 10.83 10.00 1.60 

3 EUR 20 20 2.83 1.50 0.72 10.00 1.50 

4 MHP 30 20 4.00 2.50 7.00   

5 APP 40 15 7.50 3.50 18.00 14.00 1.60 

6 CO2 50 15 4.00 6.00 20.00 8.00 3.00 

7,8 BRU 60 10 4.00 2.00 3.00 8.00  

9 LAK 70 30 4.00 3.00 10.00 18.00 0.25 

10,11 MONT 80 20 10.00 5.00 10.00   

12,13 MONE 90 30 8.00  150.00   
In first stage we must define time parameters of the 

experiment. The period of one working hour (1 WH) is 
adopted as the basic time unit (step of the simulation). The 
period of the simulation execution corresponds to the 
second half of the fiscal year 2016. If we assume that the 
enterprise operates five days a week, in this period there 
are 130 working days (with 8 WH), the total time will be 
1040 WH. 

3.1. Basic variant of the experiment 
The first experiment was conducted using the 

model parameters adopted from the real data of the 
simulated system (Table 4 to 7). The behaviour of the 
simulated system can be represented by series of graphics, 
including changes in the level of finished goods (Fig. 3), 
raw materials (Fig.4.) and the occupancy rate (Table 8) or 
even by monitoring performance measures (Table 9). 

 
Figure 3: The level of finished goods 

 
Figure 4: The level of raw materials 

Table 8: Term production plan (part) 
Term unit 

Recourse 
 51 52 53 54 55  Utilization  

% 
1 HMZ 22/10 22/10 22/10 22/10 22/10 51.38 % 
2 HMZ 23/10     29.92 % 
3 EUR 17/20 17/20    52.18 % 
4 MHP 6/30 23/20 17/30   45.95 % 
5 APP   6/40 6/40 17/40 17/40 73.73 % 
6 CO2 

 

15/50 15/50 8/50 8/50 8/50 77.92 % 
7 BRU    5/60 5/60 73.55 % 
8 BRU 12/50 12/50 12/50 12/50 12/60 52.09 % 
9 LAK 1/70  15/60 15/60 23/50 63.94 % 

10 MONT  1/80 1/80   69.28 % 
11 MONT      43.01 % 
12 MONTE 22/10 – Work orders No./ Operation 

No. 
54.76 % 

13 MONTE 55.03 % 

Table 9: Overview of the experiment results 
Business performance measure Value 

↑ Fulfilment of orders from existing stock 49.01 % 

↑ Timeliness of delivery 63.12 % 

↑ The value of realized orders 388 325 € 

↓ The average level of finished goods inventory 1 411 € 

↑ Capacity utilization 61.55 

↓ The flow coefficient 1.28 

↓ The average level of work in progress 16 520 € 

↓ The average level of materials in stock  24 428 € 

↑ Inventory turnover 9.62 
New variants of the experiment can be obtained by 

changing (to more or to less) the model parameters, all in 
order to improve of one or more processes performance 
measures. 

3.2. Defining problem and possible solutions 
Customer satisfaction is the key to continuing 

success of the enterprise, so below, we shall look into the 
effects of the three different decisions in order to find the 
best solution. The proposed solutions with the plan of 
model parameter variations are given in Table 10. The 
simulation experiments needs to show how such changes 
affect performance measures, especially on the fulfilment 
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of orders from existing stock and timeliness of delivery 
(see Table 9). 

Table 10: The solution plan 

S
1 

Increased available capacity 
The introduction of new machines is primarily aimed at 
affecting reduction of the production cycle and the level 
of work in process, so consequently we expect a 
number of positive effects on customer satisfaction. We 
shall increase groups which have the highest capacity 
utilization like as APP, CO2 and LAK (see Table 8). 

S
2 

Increased level of finished products in stock 
By analysing the obtained results of basic experiment, 
it is possible to expect that the increase in stock level of 
products leads to an increase in the level of customer 
services especially the fulfilment of orders from 
existing stock and timeliness of delivery. Hence, we 
shall increase the safety stock level (see Table 4). 

S
3 

Decreased batch size 
Decreasing the batch size aims to decrease the level of 
unfinished goods and consequently to increase the level 
of customer service. The batch size of product will be 
decreased from 200 to 50 units. 

3.3. The solution evaluation 
The ultimate value of the solution should be 

defined by the improvement of the processes performance 
measures, without negative effects if possible. A 
comparative overview of the experiment results are shown 
in the table 11. 

Table 11: A comparative overview of the experiment 
results 

Performance Basic S1 S2 S3 
Fulfilment of orders 
from existing stock (%) 49.01 52.01 82.13 85.81 

Timeliness of delivery 
(%) 63.12 65.64 88.06 91.37 

The value of realized 
orders 388325 400217 426395 439576 

The average level of 
finished goods (€) 1411 1356 3030 5175 

Capacity utilization (%) 61.55 50.41 65.90 77.02 
The flow coefficient 1.28 1.27 1.27 1.72 
The average level of 
work in progress (€) 16520 16509 22785 11908 

The average level of 
materials in stock  (€) 24428 24123 24912 24472 

Inventory turnover 9.62 9.63 10.08 10.45 
Increase in available production capacity (S1) 

decreases their utilization with no significant (positive) 
effects on other performance measures. 

By analysing the obtained results of experiment S2, 
it is possible to conclude that the increase in stock level of 
products leads to an increase in the level of customer 
services especially the fulfilment of orders from existing 
stock and timeliness of delivery. An undesirable increase 
in the level of work in process and the average level of 
finished goods was expected. 

Decreasing batch size in production (S3) entails a 
number of positive effects on performance measures 
(better customer service, better capacity utilization, lower 
level of work in progress and a better inventory turnover), 

along with somewhat poorer flow coefficient and 
increasing level of finished goods inventory. 

3.4. Decision making 
A comparative overview of the experiment results 

show that it is not possible to find a set of model 
parameters that will improve all the performances without 
any negative effects. In this regard we propose solution S4 
with a reduced size of series. This has proved to be the 
best solution because this solution achieved the best 
improvement in the level of service, capacity utilization 
levels and unfinished products. However the average level 
of finished product inventories increased by 366 %, which 
in practice requires an additional storage capacity (Figure 
5). 

0
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15000

20000

25000

0 62 124 186 248 310 372 434 496 558 620 682 744 806 868 930 992

The level of finished goods inventory (S3)
The level of work in progress (S3)
The level of finished goods inventory (Basic)
The level of work in progress (Basic)

 
Figure 5: A comparative overview of the level finished and 

unfinished goods 
4.  CONCLUSION 

Results of experiments showed that it is difficult for 
the managers of SMEs to make decisions that will lead to 
improvement without any negative effects on the other 
processes. Therefore, coordination of management actions 
made by managers at various levels is imposed as a key 
issue in the business practices of SMEs. The paper has 
demonstrated that a dynamic simulation tools can 
significantly improve the coordination process. Thus, by 
performing simulations of the model one can predict the 
effects of running various actions. 

The model can be used for finding solutions for 
wide range of problems related to process management, 
starting with determining the type of production 
processing organization (long-term decision) up to 
observing the effects of changes in the work schedule in 
production (current decision). 
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Depending on the fundamental strategy of running business, most companies follow an organizational culture 
orientation that matches one of the following categories: product-oriented, sales-oriented and market oriented. The 
purpose of this paper is to determine the influence of years of working experience (YWE) and the level of education (LE) on 
the level of market orientation of organizational culture. This research included 20 companies from Serbian metal industry. 
The conducted analysis showed that the influence of investigated factors is non-linear and that the influence of LE has the 
effect which is opposite to the effect of influence of YWE on the market orientation in the investigated range. The inherent 
way of thinking and the inadequate influence of the Government significantly slow down the development of SMEs in 
transition and they do not succeed in implementing market orientation in their organizational structures and behaviours. 
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1. INTRODUCTION 

Today's business is not about selling or providing 
services to customers. In facing rapid evolution of the 
global market place, having a set of common rules is 
critical to facilitating trade. It is well-known that business 
excellence in companies is realized through 
implementation of the concept of total quality 
management (TQM). ISO officially defines TQM as a way 
of managing an organization which aims at continuous 
participation and co-operation of all its members in the 
improvement of quality in order to achieve customer's 
satisfaction, long-term profitability of the organization and 
benefit of its members, in accordance with requirements of 
the society. TQM is seen as a description of a culture, 
attitude and organization of a company that aims to 
provide products and services that meet customers’ needs. 
Culture requires quality in all aspects of organizational 
operations, with things being done the right way 
instantaneously, with defects and waste being 
simultaneously eradicated from its operations. TQM is a 
culture in an organization committed to total customer 
satisfaction through continuous improvement. That is why 
resources in such cultures are totally utilized [1,2]. Benefit 
comes in all segments of business: fewer defects, reduced 
rework and lead times, lower inventory levels, cost 
reduction, and a higher level of customer satisfaction [3,4]. 

On the other hand, the world's most successful 
business leaders agree that corporate culture, if correctly 
aligned with the external environment, is the glue that 
ensures long-term organizational success. The former IBM 
CEO Lou Gerstner, who led its spectacular transformation 
from a products company to a service organization, says:”I 
came to see, in my time at IBM, that culture isn't just one 
aspect of the game-it is a game” [5]. 

The organizational culture or what is known as the 
“organization values and personality” was not given the 
natural interest before the second half of the twentieth 
century. The 1970s era witnessed an increasing interest in 

this concern, which culminated in the 1990s [6]. Even 
then, it was totally clear that there are differences among 
national cultures and among companies within the same 
national culture. Also, it is known that the company's 
organizational culture directly depends on several different 
factors: size, tradition, communication among its 
employees [7].   

Nowadays, when the world has become a global 
village connected by modern communication methods, 
achieving business excellence and good business 
parameters becomes impossible for any country and any 
company staying in isolation from changes [8]. 

The observations of Gerstner, Welch and Oreck 
support the importance of culture as a driver of 
competitive advantage and business performance. They 
also illustrate that all business leaders need to see their 
central job as proactively leading their firm's culture for 
superior performance [8]. 

Implementing TQM means changes, and for all 
changes organizational culture is a key. Altering the way 
people perceive changes and react to them plays an 
important role in such efforts [9,10,11].  

Slater [12] expresses this notion explicitly when 
stating “A market orientation is the aspect of business 
culture that motivates employees throughout the 
organization to place the highest priority on the profitable 
creation and maintenance of superior customer value. As 
such, it establishes norms for behavior regarding the 
organization-wide development of and responsiveness to 
information about customers and competitors, both current 
and potential.” Slater distinguishes between the traditional 
and new approaches to market orientation. “Market 
oriented businesses have traditionally focused on 
understanding the expressed needs of the customers in 
their served markets and on developing products and 
services that satisfy those needs” [13]. In this way, market 
orientation is focusing on current products and services, 
incremental rather than breakthrough learning and the 
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short term. Slater [12] continues by stating that the, 
“Second generation market-oriented businesses are 
committed to understanding both the expressed and 
unexpressed needs of their customers, and the capabilities 
and plans of their competitors through the processes of 
acquiring and evaluating market information in a 
systematic and anticipatory manner.” Now, the focus is 
more on the long-term and on breakthrough learning. 
Again, we see the concept of market orientation relates to 
the values of any organisation: its culture [14]. In their 
meta-analysis of many articles investigating the 
relationship between market orientation and business 
performance, Rodriquez Cano, Carillat and Jaramillo 
conclude that this relationship is positive and consistent 
worldwide [15].  

A lot of companies in the world did not succeed on 
the road to achieving business excellence and TQM. Now, 
if we assume that a company's culture influences 
everything the company does, it is clear that if you want to 
achieve TQM business excellence in the era of 
globalization, you have to be marketing oriented. In their 
visions companies all around the world have defined that 
they want this, but everything is different in the field. 

 

2. RESEARCH  
The following paragraphs deal with evaluating the 

state of marketing orientation of organizational culture in 
20 companies within Serbian mechanical industry: all 
companies are nowadays independent entities, whereas in 
the recent past they have used to be a part of the giant IHP 
Prva Petoletka in Trstenik (PPT – the field of hydraulics 
and pneumatics, which gives to almost all of them the 
prefix PPT). Nineteen companies are currently undergoing 
the process of restructuring. 

2.1. Data collection and processing 
In order to identify the present level of 

organizational culture in terms of marketing orientation of 
in those 20 companies it was first necessary to make an 
appropriate questionnaire, which would provide the 
answer to the key question: what is the direction of our 
business. The questionnaire was based on MARK – PLAN 
questionnaire [16]. This poll list was used to conduct the 
research in companies, in terms of determining 
management orientation, i.e. whether it is production, 
sales or market.  

The questionnaire was structured in such a way that 
the answers to the previously mentioned issues led to the 
conclusion about the state of organizational culture in 
terms of marketing orientation. The questionnaire was 
compiled from 15 questions with the options given in a 
way that would prevent routine answering. The data 
collected from anonymous respondents in the interview 
were: degree of professional education, years of working 
experience and their occupation. 

For scoring the survey, the points scale was 
adopted where a response is scored 0 points for indicating 
production orientation, 5 points for indicating 
technological orientation, and 10 points for indicating 
marketing orientation. In the context of the survey results, 
the marketing orientation of a company can be described 
as: 

• advanced (121-150 points), 
• barely satisfactory (91-120 points), 
• conservative (61-90 points), 
• bad (31-60 points), and   
• hopeless (0-30 points). 

The starting point of the research was to collect 
data using surveys on the representative sample of 
employees in every company. The survey was conducted 
in the period from the beginning of December 2010 to the 
end of March 2011. The number of interviewed workers 
was 2729 from the total of 4343 employed in those 
companies i.e. 62.84% (Table 1).  The workers took 
questionnaires home, and the following day they left them 
in the boxes, kept by delegated people. 

 

Table 1. Overview of the enterprises surveyed, the number 
of employees and the number of respondents 

Name of the company 
Number of 
employees 

Number of 
respondents 

Armature 391 236 
Cilindri 258 180 
Energetika 103 73 
FUD Brus 305 225 
Hidraulika 537 244 
Holding 12 10 
Industrijka pneumatika 262 200 
Inženjering 53 49 
Ishrana 56 24 
Kočna tehnika 586 328 
Namenska 690 383 
NIC 4 4 
Obezbeđenje 52 49 
PPT Delovi Novi Pazar 56 53 
Petoletka Promet 119 118 
Remont & Energetika 101 100 
Servoupravljači 235 172 
TMO 178 176 
Transport 25 12 
Zaptivke 320 93 

 SUM: 4343 2729 
 
The average number of achieved points per 

question and per company and the summary and average 
values per company are shown in Table 2. The average 
score per question is X =4.887, the average standard 
deviation is σ=4.172, and the total average score for all 
questions is R =73.283. So, all companies can be classified 
as conservative and they have hardly satisfied the level of 
market orientation. 

2.2.    Results and Discussion 
Software Design Expert is used for building an 

empirical model to determine how the level of market 
orientation depends on the level of education (LE) and the 
years of working experience (YWE). The names and 
levels of the two chosen process factors to study are shown 
in the table 3. 
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  Table 2. Average number of points per question and per company, the summary and average values per company 
Name of the company Question SUM Mean 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
Armature 4.936 4.237 4.746 4.068 4.915 6.780 5.699 5.932 6.335 3.877 3.983 4.004 5.191 2.034 4.513 71.250 4.750 
Cilindri 4.806 4.694 5.333 5.111 6.000 5.083 6.222 4.417 6.306 2.944 6.083 6.722 6.000 3.806 5.139 78.667 5.244 
Energetika 3.288 3.493 3.630 1.986 4.726 7.740 5.068 4.863 5.068 5.274 2.945 3.699 3.836 0.548 4.658 60.822 4.055 
FUD brus 5.267 5.067 6.200 4.533 6.600 5.333 6.733 3.200 6.267 3.733 4.533 6.133 6.333 3.467 4.000 77.400 5.160 
Hidraulika 5.143 5.205 3.709 4.918 4.836 6.680 4.344 3.709 4.898 3.197 5.123 4.488 5.820 3.176 3.094 68.340 4.556 
Holding 6.000 4.000 1.000 2.000 7.000 4.500 3.000 1.500 7.500 3.500 2.500 2.500 8.500 4.500 3.000 61.000 4.067 
Industrijska pneumatika 6.400 4.525 4.900 4.700 4.975 6.725 5.775 5.600 6.600 2.550 6.650 4.700 7.075 2.150 2.800 76.125 5.075 
Inženjering 5.510 3.163 5.510 5.000 5.102 6.122 5.612 5.612 7.449 1.327 6.327 4.082 7.755 2.551 3.061 74.184 4.946 
Ishrana 5.833 3.542 5.208 3.750 6.875 3.125 7.708 8.542 4.792 3.958 2.083 4.792 6.667 2.917 5.000 74.792 4.986 
Kočna tehnika 4.939 4.421 5.061 4.909 6.037 4.573 5.473 4.726 5.244 3.369 5.213 5.366 5.991 2.942 4.390 72.652 4.843 
Namenska 4.452 4.413 4.478 3.629 4.987 6.841 5.274 5.039 5.836 3.930 3.773 3.747 5.157 1.971 4.256 67.781 4.519 
NIC 6.250 2.500 6.250 2.500 2.500 6.250 3.750 1.250 6.250 1.250 2.500 3.750 5.000 2.500 1.250 53.750 3.583 
Obezbedjenje 7.653 7.449 5.000 5.204 6.122 6.429 7.041 5.918 4.592 3.163 4.082 5.612 6.735 1.837 3.878 80.714 5.381 
PPT Delovi Novi Pazar 6.604 3.396 5.189 5.094 5.472 4.717 5.189 3.679 5.189 3.113 5.755 6.132 5.283 4.340 4.623 73.774 4.918 
Prva petoletka promet 5.381 4.195 5.890 3.983 6.780 5.339 6.059 2.712 5.551 3.305 4.110 6.229 5.847 3.220 3.856 72.458 4.831 
Remont i energetika 7.200 3.800 6.750 6.650 4.600 6.400 6.150 5.600 6.800 3.100 5.750 6.050 6.500 2.700 3.650 81.700 5.447 
Servoupravljači 6.919 3.808 4.331 4.157 6.541 7.384 6.483 6.948 6.541 2.965 6.250 5.494 6.977 4.302 2.035 81.134 5.409 
TMO 5.483 4.119 4.489 3.778 5.313 5.795 5.710 3.920 6.506 2.614 6.023 3.892 6.278 3.267 3.523 70.710 4.714 
Transport 8.333 6.667 7.917 7.500 5.833 5.417 5.000 3.333 4.583 2.917 4.167 5.000 6.667 1.250 3.750 78.333 5.222 
Zaptivke 6.828 4.247 5.538 4.892 4.624 6.774 6.667 5.699 5.323 4.462 5.753 5.215 7.473 2.312 2.581 78.387 5.226 

Mean 5.416 4.441 4.934 4.447 5.511 6.097 5.729 4.798 5.905 3.375 5.015 4.949 6.032 2.812 3.822 73.283 4.887 

 
Table 3. Factors for response surface study 

Factor Units Low Level 
(-1) 

High Level 
(+1) 

A -LE level -number 1 8 
B-YWE year 1 40 

 
The response, marked by letter “R“ is the total 

number of points per respondent based on all 15 questions, 
i.e. it presents the level of market orientation of 
organizational culture. Independent variables are: Level of 
Education (LE), marked as "A" and Years of Working 
Experience (YWE), marked as "B". 

The levels of educational classification (LE) in the 
examined sample in Serbia is set in compliance with The 
International Standard Classification of Education 

(ISCED) [17] and The European Qualifications 
Framework (EQF) [18]. 

 

2.2.1. Analysis of the results  
The regression model of the lowest order, which 

meets the requirement of adequacy, based on the 
conducted ANOVA analysis [19-21] is a second-order 
polynomial, i.e. Quadratic model: 
 R=β0+ β1A+ β2B+ β12AB+ β11A2+ β22B2 (1) 

In this model, R is the dependent variable, A and B 
are independent variables, β0, β1,  β2, β12, β11, and β22 are 
the model term, i.e. regression coefficients. 

The Model F-value of 4.83 (Table 4) implies that 
the model is significant. There is only a 0.02% chance that 
the Model is not significant. 

Table 4. ANOVA for Response Surface Quadratic Model 

Source Sum of Squares df Mean Square F Value 
p-value 

Prob > F  
Model 8921.08 5 1784.22 4.83 0.0002 significant 
  A-LE 1624.17 1 1624.17 4.39 0.0361 

   B-YWE 1821.31 1 1821.31 4.93 0.0265 
   AB 721.35 1 721.35 1.95 0.1625 
   A^2 965.73 1 965.73 2.61 0.1061 
   B^2 6144.60 1 6144.60 16.623 < 0.0001 
 Residual 1006310.97 2723 369.56 

   Cor Total 1015232.05 2728 
     

The values of "Prob > F" less than 0.0500 indicate 
that the model terms are significant. In this case A, B, and 
B2 are significant model terms. The values greater than 
0.1000 indicate that the model terms are not significant. 

 

2.2.2. Diagnosis of Statistical Properties of the Predicted 
Model 

The normal probability plot of the residuals (Figure 
1) indicates non-normality in the error term, which may be 
corrected by a transformation. 

The Box-Cox diagnostics [21, 22] recommends the 
“Square-root“ transformation for variance stabilization. 

 
2.2.3. Transformation of the Predicted Model 
The new, transformed model is presented in this form: 

 Sqrt (R) =β0+ β1A+ β2B+ β12AB+ β11A2+ β22B2 (2) 
The repeated analysis for Square-root model 

transformation confirms the significance of the Quadratic 
Model (Table 5). 
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Figure 1. Normal probability plot of Internally Studentized 

Residuals 

The Model F-value of 4.51 implies that the model 
is significant. There is only a 0.04% chance that the model 
is not significant. The values of "Prob > F" less than 
0.0500 indicates that the model terms: A, B, A2 and B2 
are significant model terms. The values greater than 
0.1000 indicate that the model terms AB are not 
significant.   

The new improved model is presented in this form: 
 Sqrt (R) = β0+ β1A+ β2B+ β11A2+ β22B2 (3) 

The ANOVA in this case confirms the adequacy of 
the Reduced Quadratic Model (Table 6). 

The Model F-value of 5.17 implies that the model 
is significant. In this case, all the model terms are 
significant.   

Individual regression coefficients, Standard error, 
95% confidence interval and Variance inflation factor 
(VIF) for the regression coefficient are shown in Table 7. 

 
 

Table 5. ANOVA for Response Surface Quadratic Model 
Response 1 R 

    Transform: Square Root Constant: 0 
           ANOVA for Response Surface Quadratic Model 

Analysis of variance table [Partial sum of squares - Type III] 

 
Sum of 

 
Mean F p-value 

 Source Squares df Square Value Prob > F 
 Model 28.62 5 5.72 4.51 0.0004 significant 

  A-LE 6.77 1 6.77 5.34 0.0210 
   B-YWE 4.93 1 4.93 3.89 0.0488 
   AB 2.334 1 2.34 1.84 0.1749 
   A^2 4.84 1 4.84 3.81 0.0509 
   B^2 18.26 1 18.26 14.39 0.0002 
 Residual 3456.43 2723 1.27 

   Cor Total 3485.05 2728 
     

Table 6. ANOVA for Response Surface Reduced Quadratic Model 
Response 1 R 

    Transform: Square Root Constant: 0 
           ANOVA for Response Surface Reduced Quadratic Model    

Analysis of variance table [Partial sum of squares - Type III] 
 

 
Sum of 

 
Mean F p-value 

 Source Squares df Square Value Prob > F 
 Model 26.28 4 6.57 5.17 0.0004 significant 

  A-LE 6.95 1 6.95 5.47 0.0194 
   B-YWE 6.99 1 6.99 5.50 0.0191 
   A^2 5.11 1 5.11 4.02 0.0450 
   B^2 18.29 1 18.29 14.41 0.0002 
 Residual 3458.77 2724 1.27 

   Cor Total 3485.05 2728 
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Table 7. Coefficients for the Reduced Quadratic Model 
  
Factor   

Stand. 95% CI 
VIF Coeff. df Error Low High 

Intercept 8.549 1 0.0348 8.481 8.618   
A-LE -0.207 1 0.0887 -0.381 -0.034 1.825 
B-YWE -0.122 1 0.0521 -0.224 -0.020 1.178 
A^2 0.344 1 0.1717 0.008 0.681 1.837 
B^2 -0.399 1 0.1052 -0.606 -0.193 1.172 

 
The Final Equation of the predictive model in 

Terms of Coded Factors is: 
Sqrt (R) = 8.549442362 - 0.207492094*A - 0.12219104*B 
+ 0.344239483*A2 - 0.399341225*B2 (4) 

The Final Equation of the predictive model in 
Terms of Actual Factors is: 

Sqrt (R) = 8.824 - 0.224*LE + 0.034*YWE + 0.022*LE2 - 
0.001*YWE2   (5) 
 

2.2.4. Diagnosis of Statistical Properties of the Reduced 
Quadratic Model 

After transformation of the model, the response 
variance is stabilized, the distribution of the response 
variable is closer to the normal distribution, and the fit of 
the model to the data is improved. None of the plots: a) a 
normal probability plot of studentized residuals, b) a plot 
of studentized residuals versus the predicted values, and c) 
a plot of studentized residuals versus run order, reveals 
any model inadequacy. 

After the applied Box-Cox procedure, the optimum 
value of λ is 0.47 and the 95% confidence interval for λ 
contains the value 0.47, so the use of a Square root 
transformation is indicated (Figure 2). 

Design-Expert® Software
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Figure 2. Box-Cox plot for power transformations 

2.2.5. Model Graph Examination 
The plots of the conversion response surface and 

contour plot, respectively, for the fitted model are shown 
in Figures 3 and 4. It can be seen that the level of market 
orientation is in non-linear dependence from the LE and 
YWE. The response surface plot indicates that the 
maximum level of marketing orientation is at the point 
where A= 1 and B=17. 

The Perturbation plot (Figure 5) shows how the 
response changes when each factor moves from the chosen 
reference point, with other factors held constant at the 
reference value. This diagram clearly shows the opposite 
effects of analysed factors. 

As ANOVA analysis showed that there is no 
interaction between the analysed factors A and B, they can 
be analysed individually.  

Figure 6a shows the influence of variable A for 
B=20. The dotted line on the same diagram shows the 95% 
interval of confidence in which the theoretical line is 
R=f(A)B=20. 
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Figure 3. Response surface contour plot 
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Figure 4. 3D response surface plot  

The highest level of awareness about market 
orientation can be found at the lowest LE (R=80 for A=1) 
and highest LE (R=77 for A=8). The lowest level of 
awareness can be found among the employees with the 
middle level of education (R=74 for A=4), and they 
present the main part of the examined employees. This 
means that something should be changed in the system of 
education so that the way of thinking and organizational 
culture could be changed and lead to the market way of 
thinking. 

Figure 6b shows the influence of factor B (YWE) 
for A= 4. The dotted line in the same diagram shows the 
95% interval of confidence for function R=f(B)A=4. It can 
be seen that the employees with the highest number of 
years of experience (R=65 for B=40) have the lowest level 
of awareness about market orientation, while the highest 
level of awareness is shared by the employees with 20 
years of experience (R=75). The good fact is that the 
employees with the fewest years of experience (B=0) have 
a higher level of awareness of the need to be market-
oriented than the oldest employees (R=70). Young 
workers are probably still not aware of the importance to 
be market-oriented, while older workers, who are at the 
end of their careers are under the influence of long-term 
contractual economy. In any case, it is positive that the 
employees with working experience between 10 and 30 
years are aware of the changes which should be done. 
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 Figure 6. a) Influence of the level of education, b) Influence of the years of working experience 

 

3. CONCLUSIONS AND FUTURE RESEARCH 

The conducted study has showed that the level of 
market orientation in Serbian SMEs is unsatisfactory. 
Deeper analysis and the history overview have confirmed 
that the principles of contractual economy are still deep in 
the thoughts of all employees. What is especially 
worrisome is the fact that top management also have such 
opinions. Besides that, the political influence and the 
influence of the Government on setting up top 
management in companies in reconstruction deeply slow 
down strategic decisions which should be based on 
scientific opinion. Despite the fact that all companies 
included in this research have implemented QMSs, they 
did not succeed in implementing market principles in their 
structures and behaviour, i.e. market management in their 
business, which is a prerequisite for TQM implementation.  

The conducted research should be expanded to all 
companies in the Serbian metal complex as well as to 
companies from other branches. The results will for sure 
give a much clearer picture about the organizational 
culture in Serbia. Also, in further research, some new 
variables should be included, such as: type of business, 
size of the company, occupation, type and kind (state or 
private), etc. We believe that this kind of research should 
be conducted beyond the Serbian borders, in all countries 
in transition and in a wider region. 

For businesses in underdeveloped economies, and 
for economies in transition, which are numerous, this is 
very important. They have to find a way how to get to the 
market, but, simply, problems related to their successful 
business operations are much more complex. Problems in 
developing world economies have mainly a 
multidimensional character [16]: 

• lack of quality marketing practices, 
• lack of adequate technological equipment, 
• lack of adequate financial means,  
• lack of satisfactory management behaviour, 
• presence of political and economic instability, etc. 

If the research gives such results that they indicate 
a low level of market orientation, then the company 
reengineering should be launched (all processes, 
management), which would give a basis for developing a 
totally new management methodology-company 
reengineering. This methodology will primarily be 
important for countries in transition and all specificities of 
national cultures should be considered. Also, the new 
methodology must take into consideration the need to have 
long-term management and a balanced and integrated 
approach to the business structure of the business subject. 

Therefore, identification of the level of market 
orientation in the companies in transition should be the 
starting point for defining a methodology for solving 
problems in the companies which are striving to achieve 
TQM. 
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Abstract: The nature of the free market imposed certain mechanisms in the form of mandatory requirements. 
Among these mechanisms important place occupied by the so-called New Approach (New approach) to determine the 
essential technical requirements for products and the Global Approach (Global approach) to determine compliance. This 
paper attempts to answer the following questions: What happens to the product when it passes into the phase of 
exploitation? How long process owner can count on the projected level of acceptable risk, as well as the validity of the CE 
mark of conformity? 

The remaining risk is considered to be the risk that accompanies the product after compliance with current 
directives of the new approach and harmonized standards. Problem residual risk requires an analytical approach to the 
dominant processes that require specific engineering knowledge, based on risk management, with the aim to highlight and 
emphasize the character of engineering, which corresponds to the concept of integrated safety needs of processes and 
preserving the health of the employee. 

Keywords: compliance; residual risk, risk management g
1. INTRODUCTION 

Each process owner has the overriding aim is to develop 
and improve the operations and competitiveness on the 
market. From the aspect of the process as an element on 
which rests quality management, we see that security has 
the same indivisible character to the owner of the process, 
and for the community. Industrial production of the 
production system as an embodiment of the process of 
transformation of input values (inputs) at the designed 
value of the output (output) also necessarily entails the 
same safety and sustainability. The authors' intention is 
that the work of analysing the risk management process, 
based on the elements of safety equipment in the process 
of exploitation. The concept of risk is associated with the 
context of the system of "safety and" health 
"(Occupational Safety and Health), the current model of 
the system of safety at work. Safety, as well as the system 
has been developed in the organizational form in legal 
entities (Protection du travail, Occupational Safety, 
Arbeitschutz, Ohrana bezopasnosti truda) as well as 
organized social function, resulting in the time of an 
objective reality of social development in the process of 
replacement of manufacturing, industry and the 
introduction of machines in production processes. 
Machine as a product and as a part of the process by 
definition, the assembly is provided and designed for 
fitting a drive system which is not used directly to human 
or animal power and which is composed of interconnected 
parts or components for specific purposes, of which at 
least one is driven by [1]. From the aspect of safety, the 
machine as the product passes through three logical "life" 
phases: production, placing on the market and 
exploitation. The last phase, the owner of the process 
requires that the safety of the products used machines - 
held management tools, based on risk. The meaning of 
proper maintenance has not achieved security value in the 
process of creating a product, be sustainable throughout its 

lifetime. Only such an approach will justify the efforts 
being made in the creation of the product and its safety 
value for the market. 
The interest of the authors in this paper is to analytically 
examine the dominant processes that require specific 
engineering knowledge, based essentially on the basis of 
risk management, point out and emphasize the character of 
engineering engagement which corresponds to the concept 
of integrated and needs in the field of controlled safety, as 
a result of residual risk. 

2. TERM RESIDUAL RISK 
What is meant by the term "residual risk"? The remaining 
risk is considered to be the risk that accompanies the 
product after compliance with current directives of the 
new approach and harmonized standards. On the other 
hand, the remaining risk is a collection of factors that its 
presence in the "process" can endanger the health of 
entities that process realized, if we follow the procedures 
laid down and which are a function of "process control" 
over the operations in which the real hazards exist within 
the limits allowable value. 

 
Figure 1.01 Procedure control over risk 
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Safety equipment such products intended for the market, 
involves conceptual omission unacceptable risk or 
damage, establishing the most appropriate relationship 
between a number of factors, including non-technical as 
well as human behaviour, and to reduce the risk to people 
and property to an acceptable level. Safe product - 
essentially any product which, under normal or reasonably 
foreseeable conditions of use, including installation, 
commissioning, operation, and requirements in terms of 
maintenance, does not present any risk or presents 
minimal risk to the appropriate use of the product and 
considered to be acceptable and matched with a high level 
of safety and health protection. This stance, articulated in 
the documents of the new approach raises the question. 
How and why the residual risk is defined as the reason for 
his record? 

The answer is in chronological facts; that is to ensure the 
free flow of goods on the market, the European Union has 
developed certain mechanisms in the form of mandatory 
requirements. Among these mechanisms important place 
occupied by the so-called New Approach for determining 
the essential technical requirements for products and 
global approach to determine compliance. These two 
approaches complement each other.  

New approach: The new approach means the set of 
legislative tools (directives) that prescribe the essential 
requirements to be met by each product. The process of 
fulfilling the essential requirements are most easily 
implemented through the use of the harmonized standard, 
which is a European standard published in "Official 
Journal of the European Union". For the preparation and 
publication of these standards are in charge of European 
standardization organizations: 

CEN - European Committee for Standardization, in 
charge of general standards and standards that are not 
within the jurisdiction of the other two organizations listed 
below; 

CENELEC - European Committee for 
Electrotechnical Standardization, in charge of electrical 
standards; and 

ETSI - European Telecommunications Standards 
Institute, in the field of telecommunications standards. 

Harmonized standards by its concept includes the basic 
technical requirements for products to which the new 
approach directives. Each product, which is designed, 
engineered and manufactured to meet the demands of the 
applied harmonized standards, it is expected realized with 
an excess degree of probability that the product complies 
with the essential requirements of new approach applied. 
When it comes to machine safety, there are different types 
of harmonized standards: 

STANDARDS TYPE - A - European standards 
which define the basic requirements for all types of 
machines, and regulating the basic concepts and principles 
of design of machinery. Conceived as a form in which to 
interpret the requirements of the Directive and the 
Regulations on the safety of machinery. 

STANDARDS TYPE - B - European safety 
standards. Essentially discuss aspects of security and the 
protection of designs, which can be applied to a large 

number of machines. Within this category, there are two 
sub-categories of standards: 

Standardization of the type - B1 - defining specific 
aspects of safety (e.g., distance, noise, temperature) 

Standardization of the type - B2 - which describe 
devices that are related to the types of protection (eg. the 
command, the fence, locking devices) 

STANDARDS TYPE - C - European standards 
regarding security for specific machine types. Contain 
detailed requirements for safety and specific sources of 
risk. With respect to a specific character, as a rule, have an 
advantage in the application, in relation to the standards of 
type A and B. 

The current European regulations unequivocally insists on 
considering the phenomenon of risk on the machines as a 
means of work, based on the principle of prevention. 
Harmonized standard that gives guidelines for the 
implementation of risk analysis is EN ISO 12100 Safety of 
machinery - General principles for design - Risk 
assessment and risk reduction. This standard specifies 
general terminology, principles and methods for achieving 
safety in the design of machinery. Standard describes the 
procedure and for the identification of risk and risk 
assessment, during certain stages in the life cycle of the 
machine, as well as to remove the threat or risk of 
remaining. The document on risk analysis shall be 
accompanied by the technical file and machinery, which is 
delivered to the user, and may be available to search for 
and market surveillance. Technical file is saved to make it 
available to market surveillance for at least 10 years from 
the last date of manufacture of the machine type. Any 
avoidance of dealing with the technical file and intolerance 
control at their request, constitutes grounds for doubting 
the conformity of machinery with the essential 
requirements of the Directive or the Rules on security. 

Global approach, establishing the institutional 
environment for checking compliance with the essential 
requirements of the directive, the implementation of 
conformity assessment procedures. Methods of conformity 
assessment are grouped into eight modules, designated by 
letters A to H. Evaluation procedure is a process which 
comprises the step of the product design, the 
manufacturing stage of the product and one or and the 
second phase. Manufacturer in accordance with the 
technical characteristics of the product, as well as the risk 
that the product is worn in use, selects the appropriate 
method of conformity assessment for each of the 
applicable directive. 

Conformity assessment procedures implemented by the 
producer or the notified body. Conformity assessment is 
carried out in relation to the module from A to H, with the 
exception of the Directive on construction products, for 
which do not apply global access. 

When it comes to modules of conformity assessment, 
Directive/Ordinance gives the possibility to the 
manufacturer that I set the appropriate conformity mark 
(CE mark or Serbian conformity mark), if the machine is 
made in compliance with all harmonized, and Serbian 
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standards that apply to it and covering all aspects of health 
and safety. 

 Module 
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Figure 1.02 Conformity assessment procedures of the new 

approach the modules 

Conformity assessment is carried out according to defined 
procedure depending on the nature of the product and the 
level of applied binding documents. 

In cases where the machine is not listed in the list 
of machines in Annex 4 of the Directive - Ordinance 
applies to internal production control, as well as 
conformity assessment module. 

If a machine listed in Annex marked and 
manufactured in accordance with harmonized standards 
that cover all essential requirements applied to one of the 
modules of conformity assessment: 

• the internal production control1 
• (EC) type examination2 
• Full quality assurance3 

                                                           
 
1 Procedure of internal production control, the 
manufacturer guarantees that the machine meets all the 
essential requirements of the Directive / Regulation. It is 
understood that the manufacturer for each machine type 
produces technical documentation, and that during the 
process of manufacture provides a machine made 
compliance to specifications [5]. 
2 Examination is the procedure whereby notified (in the 
EU) or appointed (in Serbia) confirms that the body is a 
machine made in accordance with the Directive / 
Regulation. Manufacturer constitutes the technical 
documentation for each machine type, then the 
manufacturer or his ovlašćenizastupnik submitted to the 
notified (notified) body requirements of (EC) type 
examination. The notified (called) the body shall review 
the technical documentation, controls, perform 
measurements and tests. If the type complies with the 
requirements of Directive / Regulations, is notified to the 
(known) of a certificate issued by the body (EC) type 
examination. Thereafter, any change in the type of 
equipment must be reported to the notified (notified) body. 
Every five years is necessary to make an extension of the 
certificate, otherwise the machine can not be placed on the 
market. Certificates and documents relating to the type 
examination are kept for 15 years. [5]. 
3 This procedure notified (appointed) body approved 
quality system manufacturers of machines and monitor its 
implementation. The manufacturer or his authorized 

With regard to the machines listed in Annex 4 of the 
Directive - Rules, and not in accordance with harmonized 
standards, or are partially applied harmonized European 
standards, and Serbian standards, which do not cover all 
the essential requirements, or where there are harmonized 
and Serbian standards applied to one of the following 
modules for conformity assessment: 

• (EC) an overview of the type + Internal 
production control  

• Full quality assurance 

 
 

Figure 1.03 European and Serbian conformity mark 

After carrying out the procedures of conformity 
assessment; EC - Declaration of conformity of machines, 
the manufacturer declares that his product is in compliance 
with applicable directives - regulations. The declaration of 
conformity with the product on the market, and keeps the 
manufacturer or his authorized representative, at least 10 
years from the last date of manufacture of the machine 
type. The declaration must be in Serbian (if it is a product 
which is produced in Serbia), English, and, optionally, the 
language of the target market. 
Finally, following the procedure of labelling products with 
CE mark, and is set after making the EC declaration of 
conformity and is not a mark of quality but a proof that the 
product meets all the requirements given in the Directives 
relating to the product and that it is carried out conformity 
assessment procedures. By placing CE marking on a 
product, the manufacturer ensures that the product is 
designed, manufactured and complies with the essential 
requirements of the New Approach Directives applicable 
to the product. The manufacturer is the one who is 
responsible for the final product, regardless of component 
parts used and integrated components. It is certain that 
partner’s component parts suppliers must obtain the 
necessary certificates, approvals, CE mark or test results 

                                                                                               
 
representative shall submit an application for assessment 
of the quality system the notified (notified) body. The 
notified (appointed) body assesses the quality system 
(does not have to be certified, but the certificate ISO 9001 
facilitates the process). What checks and controls plant 
manufacturers (through review of documentation and 
insight into the functioning of the quality system). The 
manufacturer shall apply an approved quality system for 
design, manufacture, final inspection and testing 
machines. The quality system must include procedures and 
measures for ensuring quality. Followed by checks for a 
year, a reassessment of the quality system for three years. 
However, as well as some unannounced visits. After 
approval of the quality system, any changes must be 
reported. They are kept for 10 years. [5]. 
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from accredited laboratories for the goods delivered. In 
this way, the doctrine combines quality management. 

CE is designed for market surveillance, also represents an 
unusually important assistance to the customer and a kind 
of "quasi-passport" to enter the EU market 

3. RISK MANAGEMENT 
Harmonized and marked Multiplies formally and actually 
has a guarantee that the estimated residual risk may be on 
the market, products ready to enter the exploitation phase 
and becomes an integral part of the creation of new value. 
At the same time, it must be stressed that the harmonized 
product itself does not represent an absolutely safe product 
even though they are administered expert risk assessment 
procedures and implemented all the directives that apply to 
it. Modules for conformity assessment and freedoms that 
allowed the manufacturer to put himself CE conformity 
mark, hypothetically make it possible to "tune" Multiplies 
be defective and unsafe in operation with a higher degree 
of risk than the estimated residual risk. 

Institutional tool to prevent such cases activation of 
residual risk is the Directive on general product safety, on 
whose principles established RAPEX rapid alert system, 
which applies to non-food dangerous products between 
Member States. The essence of the mechanism is 
developed to achieve rapid response alert system to ensure 
rapid notification of relevant bodies of dangerous 
products. The information in the RAPEX rapid alert 
system can be exchanged with non-EU countries. In the 
case of serious risks associated with the health and safety 
of consumers, in accordance with the Directive on general 
product safety provides for the possibility for the 
Commission to make interim decisions on the measures to 
be applied throughout the Union, the so-called "emergency 
measures". Under certain conditions, the Commission may 
decide to restrict or prohibit the placing on the market of 
products which pose a serious risk to the health and safety 
of consumers. Regulation (EC) No. 765/2008 impact of 
the directive is extended to all harmonized industrial 
products irrespective of who the end user, as well as 
products that pose a risk to other protected interests other 
than health and safety, such as risks to the environment. 

Consequences that leaves acceptable - residual risk, 
contained far back as defective product. What is actually 
defective product or defective products? The answer to 
this issue then do not give positive legislation. 
The legislature, the product is not correct if we take into 
account all the circumstances of the case, in particular the 
way the product is presented, the purposes for which the 
reasonable expectation of the product can be used as a 
time when the product was put into circulation, but does 
not provide the safety which is of such a product has a 
reasonable expectation. Security products that are 
reasonably expected from products is the main criterion 
that produce parts to safe and unsafe. In practice, such a 
method is characterized as a "consumer expectations test". 

Parallel to this conclusion, the question of who is 
responsible for the damage? The legislation does not 
explicitly define entities that are passive and not actively 
legitimate. Endangered no knowledge of the amount of 

damages, as well as the rule for determining the same. 
Another is a dilemma relating to the time frame in which 
realizes this responsibility? 

Therefore, the right to wonder whether the manufacturer 
complies machines and marked automatically liable for the 
damage that they are causing in the exploitation phase. 
Based on current attitudes of European legislation that 
follows the "new approach" is NOT the answer. The 
injured person, regardless of whether the buyer or user of 
the defective - unsafe products, must "seek" redress to 
enforce his right. The injured party will determine the 
compensation only if he proves that he has suffered 
damage, the product was defective and that the damage 
caused by the product used. However, if it is determined 
that the injured party contributed to the damage, the 
responsibility of the producer may be reduced or even 
completely shut down. The injured party need not prove 
that the producer was negligent, because the Directive on 
product liability is based on the principle of "liability 
without fault". Therefore, the manufacturer will not be 
acquitted, even in cases where it is proved that he was not 
negligent, if considered caused by an act or omission 
contributing to a third party, if the applied positive norms 
or if his product has been tested. 

Ten years after placing the product on the market, the 
manufacturer's liability cases, unless the court proceedings 
began. In this context, the injured party must initiate 
proceedings within three years since the damage, 
malfunction, or the identity of the manufacturer. 

The manufacturer is required to identify the risks arising 
from their machines and to design a machine with 
integrated security to the same harmonized with the New 
Approach to designate a product CE label and market the 
same places, taking responsibility for all the situations that 
have been analysed in the paper. In accordance with the 
directives of the new approach, the manufacturer must 
identify hazards and assess risks associated with using the 
product. Risk assessment is an integral part of the process 
whereby the manufacturer ensures that the product does 
not endanger the health and safety of people, 

The question then arises, which is of particular importance 
for the structure of this work, to evaluate responsibility for 
consequences resulting from activation of residual risk. 
What happens to a product that the market moves to the 
phase of exploitation? How long process owner can count 
on the projected level of acceptable risk, as well as the 
validity of the CE mark of conformity? 

The answer can be sought through processes that are 
integrated into the management. The owner of the process 
in the exploitation of the product can analyse the risks that 
are covered by harmonized standards. This means that it 
takes just bought the baton of responsibility for process 
safety and risk in the process introduces harmonized 
product. Hypothetically request the equipment supplier - 
Product is an acceptable risk to be within projected, to 
liability for damage could be attributed to the 
manufacturer. 
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How to respond to this request? Owner harmonized 
products, if it wants to secure the process is required to 
elements of the technical file which takes over from the 
manufacturer maintains at least as far as the obligation of 
the manufacturer to keep the data, and it is 10 years old. 
The question is whether the owner of the process of the 
current legislation obliges some deadlines. Serbian 
legislation that treats the phenomena of the risks expressly 
obliged only estimates. However, management processes 
almost do not recognize. Therefore, the question is how to 
prove that it is in the process of exploitation the owner 
maintained the level of residual risk? Does the process 
owner has valid maintenance records compliant machines 
or installations? Does the same owner has the obligation to 
using a fast algorithm for inspection and testing, check the 
level of compliance after a period of exploitation? The 
practice of this model obviously does not recognize. 
Liabilities arising from current national normative acts of 
inspection and testing equipment for operation are totally 
anachronistic in relation to the European regulations New 
and Global Approach. 
Therefore, logically imposes a need to create a quick 
algorithm to control the security state machine based on 
the regulations of obtaining harmonized and labelled 
products. Only under such conditions we can speak about 
meeting customer expectations machines. 

4. CONCLUSION 

The legislation, which regulates the elements of 
safety at work or those of health and safety at work, 
involves the principle of prevention and the development 
of services that employers use in the course of acceptable 
risk of any measures that ensure the suitability and safety 
of the process, and thus the safety of the operator, the 
environment and other material values. 

In the case of equipment which is part of the 
process, which is marked with "CE" - mark, i.e. compliant 
means that in all satisfy the principle of prevention, then 
the engineering practice leaves the jurisdiction of that 
software downloaded from the manufacturer and that 
carries a certain level of residual risk, maintain functional 
and security attributes. The employer is obliged to 
implement procedures to ensure control over the condition 
of the equipment. 

This fact is sufficient that the concept of risk and 
specific engineering knowledge to be managed risk 
classified elements of security processes in the highest 
level of proactive management model. 

The function of such interest develops in the 
process model management set of tools based on the risk 
that corresponding with the concept of proactive 
management. 
Only maintenance management, risk-based approach can 
serve as a basis for the design of management health and 

safety, which are supported by engineering diagnostic 
methods, the concept of risk to convert into a powerful 
management tool and define the responsibility of each 
element in the process of exploitation, such as product 
conformity regulate the obligations of producers. 
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Entrepreneurship is identified as important development goal for the future of the modern industry. New technologies 
require greater entrepreneurial activity in order to further strengthen its economic position. Reformed technical and 
engineering education system in Serbia is directed to strengthening vocational knowledge and acquiring of key skills necessary 
to join the world of work and the whole society. The new concept of curriculum has been introduced which, among the others, 
contains teaching subject entrepreneurship as a novelty. Within this subject students acquire: skills of planning, organizing, 
analyzing, communicating, realizing and evaluating; abilities for team work; abilities for proactive behaviour and positive 
reacting to changes; abilities for risk overtaking; positive attitude toward changes and innovation. This paper presents needs for 
model based on two-way communication and dialogue between learning and business environment. Main objectives of this 
partnership are: organization and joint efforts with the purpose of gaining wider public, making benefit of the enterprises of 
entrepreneurial education and development and improvement of the program of entrepreneurial education.  
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1. INTRODUCTION 
The great scientific, economic and technical progress 

is typical for modern times, and refers specifically to the 
globalization and the revolution in information and 
communication technologies. Life-long entrepreneurial 
education should be a vital aspect of the educational 
process. The main objective of modern education system is   
development of competent students and future citizens, 
professionals and entrepreneurs. Vision of the knowledge 
society is a vision of society competent people whose ideas, 
innovation and knowledge are the main driver of 
development The documents of European institutions define 
entrepreneurship as one of the eight key competencies in 
modern education: „Key competences represent 
transferable, multifunctional package of knowledge and 
abilities necessary for the individual to achieve personal 
fulfillment, development, professional mobility and 
employment. An individual acquire key competences at the 
end of vocational education and training and they represent 
the basis for individual’s lifelong learning.”1 This 
conceptualization of entrepreneurship as a key competence 
has since been further developed by the European 
Commission Thematic Working Group on Entrepreneurship 
Education: „Entrepreneurship education is about learners 
developing the skills and mind-set to be able to turn creative 
ideas into entrepreneurial action. This is a key competence 
for all learners, supporting personal development, active 
citizenship, social inclusion and employability. It is relevant 
across the lifelong learning process, in all disciplines of 
learning and to all forms of education and training (formal, 
non-formal and informal) which contribute to an 

                                                           
 
1 Recommendation of the European Parliament and of the 
Council of 18 December 2006 on key competences for 
lifelong learning. OJ L 394.   

entrepreneurial spirit or behaviour, with or without a 
commercial objective.”2 

The entrepreneurial and innovative spirit are defined 
by European key competencies framework as well as 
willingness to accept change, support and adaptation 
according to external conditions, to take responsibility for 
their own actions, developing strategic vision, setting and 
achieving objectives. 

Has entrepreneurship been identified as important 
development goal for the future of the modern industry? The 
new industry comparative advantage lies in knowledge-
based activities. Therefore, actions are needed that will 
boost growth through the creation of knowledge, innovation 
and business dynamism. As part of this process, new 
technologies require greater entrepreneurial activity in order 
to further strengthen its economic position.  

The most economics agree that entrepreneurs are 
central to the functioning of the economy. According to 
Shook, Priem and McGee “the enterprising individual is a 
critical component of venture creation” [1]. Educational 
background and related industry experience of the 
entrepreneurs have well-established direct effects on the 
sales and company employment growth [2]. The same 
authors emphasize different capabilities required of the 
entrepreneur and employees depending on the companies 
growth strategy: creativities and technological capabilities 
requires in the case of external growth and innovation in the 
case of internal growth. Bush [3] lists three major 
entrepreneurial skill capabilities: visioning, bootstrapping 
and social skills. Markman and Baron [4] point out that the 
chances of entrepreneurial success grow in the presence of 
personal characteristics and skills such as self-efficacy, 
ability to recognize opportunities, personal perseverance, 
human and social capital and superior social skills. 

                                                           
 
2 Agreed on in Geneva on 18 January 2012 by a working 
group that included representatives from ETF, GIZ, ILO, 
UNESCO and UNEVOC. 
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2. ENTREPRENEURIAL LEARNING ENVIRONMENT 

Modernization and development of the technical and 
engineering education system in Serbia is based on 
principals of social partnership, decentralization, 
accessibility, openness, program and organizational variety, 
professionalization of the teachers’ and associates’ work, as 
of outcome orientation [5]. Teaching contents have modular 
organization whereas modules, specific segments of 
learning, lead to achievement of clearly defined learning 
outcomes i.e. to acquirement of vocational competences 
(knowledge, skills and attitudes). Reformed technical and 
engineering education system is directed to strengthening 
vocational knowledge and acquiring of key skills necessary 
to join the world of work and the whole society. Strategy of 
technical and engineering education system development in 
Serbia [6] foresees possibility to acquire business and 
entrepreneurial skills and knowledge through education. 
Education Development Strategy in Serbia 2016-2020 [7] 
supports the concept of "entrepreneurial university" as 
nuclei of the creation of new industries based on knowledge. 
Strategy provides that all institutions of higher education 
should enable students to develop innovation and 
entrepreneurship. 

2.1. Entrepreneurial Engineering Education 
Growing businesses need to adapt to environmental 

and technological changes. This major will prepare students 
for the challenges of establishing and growing a business in 
today’s dynamic climate. This major communicates the 
skills and techniques behind entrepreneurial thought and 
action, imparting expertise which enables managers and 
entrepreneurs to make crucial decisions and compete 
successfully. Business creation and business development 
competences are keys to the global business arena of the 
future. Furthermore, it is a requisite for a range of 
organisations, from large private and public companies to 
small and medium-sized companies, start-up companies, as 
well as public service and knowledge-based organisations.  

It is no longer enough to come out of school with a 
purely technical education; engineers need to be 
entrepreneurial in order to understand and contribute in the 
context of market and business pressures. For engineers who 
start companies soon after graduation, entrepreneurship 
education gives them solid experience in product design and 
development, prototyping, technology trends, and market 
analysis [8]. These skills are just as relevant for success in 
established enterprises as they are in start-up's; students with 
entrepreneurial training who join established firms are better 
prepared to become effective team members and managers 
and can better support their employers as innovators. 
Entrepreneurship education teaches engineering students in 
all disciplines the knowledge, tools, and attitudes that are 
required to identify opportunities and bring them to life. 
Students who take part in entrepreneurship programs as 
undergraduates gain insights not available from traditional 
engineering education, such as understanding and designing 
for end users (“empathy”), working in and managing 
interdisciplinary teams, communicating effectively, thinking 
critically, understanding business basics, and solving open-
ended problems [9], [10].   

First models of dual university education in Serbia 
occurred at the areas of computing, i.e. software 
development and information technology. This model is 

related to formal university education and informal 
acquisition of applicable professional knowledge and skills 
students work on practical problems in companies. Students 
are trained to acquire competences required employers. 
Students who are educated in this way, easier get a better 
job, but also get the opportunity to study free of charge and 
scholarship. According to the dual concept is expected that 
the average student spends 40 hours a week at the 
university. Half of the time the student participates in class 
(lectures and exercises), a half-time in the company where 
implemented continuous professional training during their 
studies. Company in this way ensure its future engineers 
educated in accordance with their needs. They are ready to 
provide them with employment after graduation, free studies 
and scholarships during their studies.  

According these strategies the new concept of 
curriculum has been introduced which, among the others, 
contains teaching subject entrepreneurship as a novelty. 
Within this subject students acquire: skills of planning, 
organizing, analyzing, communicating, realizing and 
evaluating; abilities for team work; abilities for proactive 
behaviour and positive reacting to changes; abilities for risk 
overtaking; positive attitude toward changes and innovation.  

Entrepreneurship as a subject represents consistent 
part of curricula of all educational profiles in technical 
education, secondary education level and elective course in 
engineering education level. The objectives of the subject 
are set as follows [7]:  

• development of business and entrepreneurial 
knowledge, skills and behaviour;  
• development of entrepreneurial values and abilities 
to recognize entrepreneurial opportunities in the local 
market and to act accordingly;  
• development of business and entrepreneurial way 
of thinking;  
• development of consciousness of own knowledge 
and abilities in further professional orientation;  
• development of ability for active job seeking 
(employment and self-employment);  
• development of ability to make a simple business 
plan for a small firm.  

 
The program of the entrepreneurship subject is 

organized thematically and based on learning outcomes. Up 
on the end of defined themes, the student has acquired the 
outcomes of entrepreneurial knowledge and skills e.g. 
he/she will be able to: 

• explain the significance of motivational factors in 
entrepreneurship; 
• develop marketing strategy for his/her business idea 
and to present his/her marketing plan; 
• collect information needed to lead a successful 
business; 
• compose financial reports in the most simple form 
(balance-sheet, cash-flow of the enterprises); 
• make a simple business plan according to adopted 
business idea. 
 
Serbian education system define the concept of 

entrepreneurial learning as a entrepreneurial learning 
environment in which students acquire a wide range of 
competencies that may have broader individual, social and 
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economic benefits. Entrepreneurial competence can be 
applied in every aspect of life and throughout life. 

2.2. National model of dual and entrepreneurship education
 Elements of dual education have long existed in our 
educational system. It is assumed that the unsustainability of 
such a dual system in the past was the result of a separate 
and independent attending theoretical and practical classes. 
As research has shown, this model was an inadequate way 
for profiling students for comprehensive integration into 
modern trends based on innovative and dynamic systems of 
social processes. Such an approach makes it impossible to 
adequately involving students, future professionals, in a very 
demanding processes dictated by modern technology and the 
labour market. Serbia has created a dual national model of 
entrepreneurship education and support with respect to the 
experiences of Switzerland, Germany and Austria. The 
starting point in the objectives of this model consists of the 
needs of the economy and, in its formation equally involved 
the Ministry of Education, Science and Technological 
Development and the Serbian Chamber of Commerce. A 
significant step in advancing our secondary vocational 
education is signing of the contract by the school and 
parents with companies that will pay compensation to the 
student's work certainly represents. Benefit of this model, 
among others, presents opportunities for students that during 
formal education acquire functional knowledge in a real 
working environment. It also create the possibility that 
students after graduation employment. In this way will 
decrease the unemployment rate of young people up to 25 
years. The role of companies in the framework of the active 
participation of young people in the production process is 
reflected in the significant reduction of the cost of the 
country which has so far invested heavily in equipment and 
raw materials classrooms-workshops in order to implement 
the students' practice. The introduction of dual education 
solves the problem of qualified workforce who would be 
through the formal process of dual education to enable 
active participation in the production process immediately 
after training and thus ensure the quality of company 
operations. New methodology for planning enrolment in 
secondary vocational schools has been developed and 
includes representatives of businesses, local governments, 
National Employment Service, school directors and 
representatives of the Ministry of Education. 
 Serbia is now possible to carry two models of dual 
access to education. One is Dual-curricular education that 
would be done since elementary school and would include 
all children in the education system. Another model is Dual 
education aimed at the practice that takes place in 
businesses.  
 The dual system is necessary to ensure the aspect of 
encouraging creative and conceptual approaches that give 
meaning and made a synthesis between the acquired theory 
and practice, and that students directed towards the creative 
pooling their knowledge, but also the directing of their 
knowledge and experience in a freely chosen areas of 
interest. National model of dual education allows students to 
develop an active approach to acquiring and linking 
different knowledge (theory) and experience (practice) and, 
in this way they were able to follow their educational 
evolution and define their identity, and to learn to value and 
preserve their work. Connecting representatives of 

businesses and schools is an important activity in the 
framework of this model, which allows the permanent 
development of knowledge and skills of young people and 
gain experience and networking through different areas in 
accordance with the needs of the economy. 

3. ENTREPRENEURIAL BUSINESS ENVIRONMENT 

There is a close and continuous interaction between 
the business and its environment. This interaction helps in 
strengthening the business firm and using its resources more 
effectively. The term business environment refers to the 
aggregate of all forces, factors and institutions which are 
internally affecting the business through management 
structure and policies as well as which are external to and 
beyond the control of individual business enterprises. 

All businesses have a common objective of earning 
profit, they differ from each other with respect to their size, 
nature, volume of transaction, management and ownership, 
etc. Thus, structurally they are different. Broadly business 
may be classified on basis of size, functions and ownership. 

The category of micro, small and medium-sized 
enterprises (SMEs) is made up of enterprises which employ 
fewer than 250 persons and which have an annual turnover 
not exceeding EUR 50 million, and/or an annual balance 
sheet total not exceeding EUR 43 million. SMEs are the 
engine of the European economy. They drive job creation 
and economic growth and ensure social stability. In 2013, 
over 21 million SMEs provided 88.8 million jobs throughout 
the EU. Nine out of every 10 enterprises is an SME, and 
SMEs generate two out of every three jobs. SMEs also 
stimulate an entrepreneurial spirit and innovation throughout 
the EU and are thus crucial for fostering competitiveness 
and employment. SMEs come in many different shapes and 
sizes; however, in today’s complex business environment 
they may have close financial, operational or governance 
relationships with other enterprises. These relationships 
often make it difficult to precisely draw the line between an 
SME and a larger enterprise. Small and medium-sized 
enterprises (SMEs) are key players in the transformation of 
the European knowledge economy. Their ability to apply, 
adapt and spread new technologies, as well as to create and 
develop them, is unique. Realising the full potential of 
SMEs is an essential part of the European Union’s strategy 
for maintaining prosperity and high-quality employment. 
They are a major source of entrepreneurial skills, innovation 
and employment. 

3.1. The engagement of SMEs with education 
Employer engagement with education is a fairly 

common activity. However, there is a relationship between 
the size of businesses and their tendency to engage with 
education. Smaller businesses are being less likely to engage 
in education than larger companies. This trend continues 
within the overarching SME category as there is a positive 
association between SME size and level of engagement with 
education; as company size increases, so does the frequency, 
range of activities and formality of engagement with 
education. The most common ways for STEM-related (e.g. 
science, technology, engineering and mathematics, 
aerospace, electronics, mechanical, metals, automotive 
areas) SMEs to be involved with education include: 

• links with universities and colleges; 
• offering work experience placements; 
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• involvement in specific schemes and projects. 
 
Other ways for SMEs to be involved with education 

include: subject talks and practical demonstrations; post-16 
and post-18 apprenticeships; careers fairs, careers talks and 
mock interviews; company visits and tours; input to 
curriculum and course design; providing equipment, 
sponsorship and donations; and engaging with parents. 
There is evidence to suggest that size and sector may 
influence the nature of SMEs’ engagement with education. 
For instance, company visits and tours, and apprenticeship 
schemes, appear to be less popular activities amongst 
smaller SMEs in comparison to their larger counterparts. 
Furthermore, there is some variation in the nature of SMEs’ 
engagement with education depending on their sector. SMEs 
from advanced manufacturing and manufacturing sectors are 
most likely to participate in a broader range of activities 
with education, including apprenticeship schemes. 

The literature and interviews [11] suggest a wide 
range of benefits for employers of engaging with education; 
benefits are both actually experienced by those that engage 
with education and perceived by those that do not. 
Predominantly these benefits include: 

• professional development of staff; 
• promoting a positive image of the company/sector; 
• capitalising on young people’s ideas, skills and 
productivity; 
• direct recruitment to the company; 
• personal satisfaction, enjoyment and motivation of 
staff. 
 
SMEs also commonly identify the altruistic nature of 

their involvement with education and the benefits realised 
by young people as a result of them being provided with 
opportunities to engage with businesses and industry. This 
type of benefit is seen by SMEs as an opportunity to ‘give 
something back’ by passing on knowledge and experience. 
Young people gain experience of different practical skills, 
the real-world applications of STEM subjects, and advice, 
insights and inspiration for STEM careers, as well as more 
general employability skills, which they may otherwise not 

have access to, or be able to develop, in school. Opinions 
vary regarding the extent to which this form of benefit for 
young people is also coupled with benefits for the company 
or sector. The smaller SMEs (with fewer than 100 
employees) are more likely to identify engagement with 
education in altruistic terms than the larger SMEs. 

The literature indicate [11] that many of the 
challenges in employer engagement in education are generic 
– they are common for most organisations but are often 
amplified within small organisations. The main challenges 
tend to relate to: 

• time, capacity and financial constraints; 
• low awareness and understanding of schemes and 
how to link with education; 
• lack of commitment and interest of schools and 
pupils to engaging with industry; 
• health and safety constraints and bureaucracy; 
• lack of staff confidence and skills; 
• low awareness of benefits; 
• lack of skilled young people to engage with; 
• issues in relating the business activities to the 
curriculum and making a relevant partnership; 
• time constraints for schools. 
 

4. PARTNERSHIP MODEL 

Cooperation between technical schools, technical 
faculties and enterprises represents one of the ways for 
development of social partnership. As it is the one of the 
strategic areas of technical and engineering education 
reform in Serbia, it needs to be improved. This improvement 
could be done only if the improvement happens in the two-
way communications and dialogue between Learning 
Environment and Business Environment (Figure 1). 
Learning Environment consists of Ministry of Education, 
Science and Technological Development (MoESTD), 
Technical Faculties (Uni) and Technical Schools. Business 
Environment is formed of National Employment Service 
(NES), Small and Medium Enterprises (SME) and Chamber 
of Commerce and Industry (CCI). 
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Figure 1: Partnership model 

 

The purpose of this cooperation is the benefit of the 
enterprises of entrepreneurial education. In the same time, 
this should become the first issue on the list of the technical 
school and faculty priorities.   

Necessity of the two-way communications and 
dialogue represents the essential need with the tendency to 
become long-term sustainable model. Few of the objectives 
of the partnership defined in this way are: 

• organization and joint efforts with the purpose of 
gaining wider public; 
• development and improvement of the program of 
entrepreneurial education. 
 

5. CONCLUSION 

Strengthened role of entrepreneurs, as a social 
partners in educational system and their active involvement 
in the creation of the entrepreneurial education program, 
will contribute to harmonization of the needs and demands 
in the employment system. Contemporary teaching methods 
based on the case studies’ analysis, simulation of economy 
surrounding, establishment of social partnership with the 
entrepreneurs, but also based on their active involvement in 
the practical teaching of students in secondary vocational 
schools, undoubtedly will contribute to more qualitative 
entrepreneurial education and its implementation in practice. 
There may be a need to raise awareness of the support 
available, the opportunities for engagement with education 
and the benefits for SMEs of engaging with education. As 
the size of business appears to be a factor in engaging with 
education, SMEs, and particularly smaller SMEs, may need 
greater support and encouragement to engage with education 
than their larger counterparts. As smaller companies tend to 

engage with education on a more ad hoc and infrequent 
basis, and with a narrower range of activities, some SMEs 
may have a limited view of what type of activity constitutes 
engagement with education and there may be scope to 
engage SMEs with education and schools in ways in which 
they had not previously conceived. 
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This paper presents a well-established activity with ESP students at the Faculty of Mechanical and Civil 
Engineering in Kraljevo – oral presentation of a company in English, which was designed in order to direct students 
toward the real world outside the classroom. The skills and self-confidence gained during preparation and delivery of 
presentations will benefit both the ESP students and their future employers. This activity in which ESP students blend their 
professional knowledge with language skills is enriched with non-linguistic features, and the lessons learnt can be applied 
within other courses requiring similar tasks. 
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1. INTRODUCTION 

Presentations are increasingly used as a classroom 
activity at all levels of education. They might become less 
effective if their purposes are neglected.  

The author of this paper, working as an English 
Language teacher at the Faculty of Mechanical and Civil 
Engineering in Kraljevo, has gained an impression that 
presentations are not exploited sufficiently and adequately 
enough. Students are given different types of assignments, 
but a lot of them are not faced with the challenge of 
speaking in front of the audience until the presentation of 
their final paper as the last step before earning the 
bachelor’s degree. On the other hand, through the 
cooperation with numerous companies for many years, the 
author has recognized their need to have employees who 
would be capable of presenting their production 
programme in English at any time. Such a task, sometimes 
ad hoc, is usually entrusted with those who are extroverts, 
fairly talkative, communicative, explicit. Since most 
employers take it for granted that the students who have 
learnt English for some 15 years should have sufficient 
knowledge of that language to present their company, the 
students should, for their part, assume that one day they 
may be chosen for such a task. 

The idea of the teacher was to bring her mechanical 
engineering students closer to their future job by helping 
them to develop presentation skills and build the 
awareness of their importance. 

2. PRESENTATIONS IN AN ESP CONTEXT 
“What distinguishes ESP from General English is 

not the existence of a need as such but rather an awareness 
of the need. If learners, sponsors and teachers know why 
the learners need English, that awareness will have an 
influence on what will be acceptable or reasonable content 
in the language course and, on the positive side, what 
potential can be exploited”. [1]  

The knowledge of English language gained in the 
previous stages of education should now be synthesized 
and redirected toward new strategies that would be of 
direct use in future jobs. In order to strengthen the already 
acquired language skills, deepen and extend the 
knowledge and self-confidence of ESP students, ESP 

teachers should include new learning techniques to make 
the classes more effective. Introduction of real-life 
situations should add to the feeling of logical and natural 
continuity of the previous learning. [2] 

The goal of ESP at the tertiary level is to provide 
students with sufficient knowledge for successful use of 
the foreign language during their studies, but also during 
their future professional career or any form of further 
specialization. New genres should be applied in the 
teaching practice with interactive forms of communication 
in class. Presentations as a form of oral communication 
should occupy more and more space in the university 
environment. In addition to a lot of benefits of this activity 
which will be described in further text, they can also be 
observed within the so-called transfer of learning, i.e. the 
relation between ESP and some other subjects taught at the 
faculty. The term “transfer of learning“ refers to the 
influence of the lessons already learnt on some new 
activities or situations in which new knowledge should be 
gained. One of the key factors in the transfer of learning is 
surely the similarity between tasks. [3] If presentations are 
considered to be such a link between different courses at 
the faculty, then the idea of the teacher to use them in ESP 
classes certainly exceed the initial aims thus showing their 
importance in the context of education which prepares 
students for networking of various type.  

Presentation skills cover both verbal and non-verbal 
forms of communication. They may be learnt during ESP 
classes, but in the future career students will be exposed to 
different contexts in which they will be able to use them. 
Although their speech will always be adjusted to a new 
topic, the basics of presentation skills they acquire during 
ESP classes should remain a stable foundation for building 
up their knowledge and experiences. Those who learn how 
to deliver a presentation in English or any other foreign 
language will certainly have an advantage over those who 
are trained how to do it only in their mother tongue. The 
former ones kill two birds with one stone.  

Presentations can be taken as an overall activity 
because students as presenters practise all the four systems 
of language (vocabulary, grammar, discourse and 
phonology) as well as all the four language skills 
(speaking, reading, writing and listening).  
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According to the literature, oral presentations can 
be divided into four categories: 1) memorized speech 
(speech learnt by heart), 2) manuscript speech (speech 
delivered by reading the written text), 3) extemporaneous 
speech (speech delivered by using notes), and 4) improptu 
speech (spontaneous, without preparation and, therefore, 
most demanding). As there are a lot of engineering 
students whose English is not at a high level and whose 
self-confidence is at a rather low level, the most suitable 
and suggested category is the third one, i.e. 
extemporaneous speech. Learning by heart or reading texts 
from slides are neither interesting to the audience nor 
useful for presenters. They are just a waste of their time 
understood as a burden necessary to earn a grade. [3]  

A successful presentation must have a well-
structured organization, with the three standard wholes: 
introduction (in this case, greeting the audience, 
introducing himself/herself, introducing the company that 
will be the subject of the presentation), central part (main 
details about the company with the emphasis on the 
leading edge products and competitive advantages) and 
conclusion (final and most persuasive part which should 
make the audience wish to cooperate with the company, 
inviting questions). Skillful presenters are, as a rule, better 
communicators, since they are able to structure their ideas 
well and express them clearly. The presenter should 
develop good techniques of attracting attention in the 
introductory part and leaving a good impression in the 
final part of the speech. Besides language elements, an 
important characteristic of oral presentations is the use of 
non-linguistic forms of communication, such as visual 
means and elements of nonverbal communication, like 
posture, gestures, eye-contact, etc.  [3] 

Oral presentations should fit into an ESP course. 
They should rely on the previous topics and lessons and 
aim at a point in the future when they might be of use in 
the world of work. 

Normally, presentations will come towards the end 
of a series of lessons as a type of freer practice. This is 
because the students need to feel relatively confident about 
what they are doing before they stand up and do it in front 
of other people. A very important issue here is to talk 
openly to the students about their possible stagefright and 
appearance in front of a wider group. “In order to help 
students effectively cope with their fear of oral 
presentations, it is essential for them to acknowledge that 
speech fright or speech anxiety is perfectly normal. 
Having an open discussion of speech anxiety and the 
treatments will make students feel that they are not alone.” 
[4]  

3. PRESENTATIONS AS THE FINALIZATION AND 
HIGHLIGHT OF AN ESP COURSE 

Oral presentations of companies were introduced as 
part of an ESP course for the first Bologna generation at 
the Faculty of Mechanical and Civil Engineering in 
Kraljevo (at that time the Faculty of Mechanical 
Engineering in Kraljevo). This activity was tried with a 
group of master students who had completed their English 
courses at an intermediate level, or B1-B2 according to the 
Common European Framework of Reference for 
Languages, during their bachelor studies. The B1-B2 level 
is quite sufficient for performing the activity of oral 

presentation. As it was successfully done, the teacher 
decided to make it an integral part of the course.  

The fourth-year students at the module Production 
Engineering and the module Energetics and Environmental 
Protection have English for Engineers 1 as an elective 
course, and the first-year master students attending the 
module named Automatic Control, Robotics and Fluid 
Technique have English for Engineers 2 as a compulsory 
course. They are now those who have oral presentations in 
English as an obligatory assignment by which they can 
earn the maximum of 25 points. Anyway, both groups 
consist of the students who are aware of the need to 
enhance their language skills. Their expectations regarding 
the English course they attend may be slightly different, 
but all agree that communication skills that will make 
them more open to interaction in future professional 
surroundings are of greatest importance to them. It is up to 
the teacher to respond to those expectations and even 
adjust the classes to a certain degree if necessary.  

Oral presentations cannot be successfully delivered 
in large groups because it would take a lot of time for 
everyone to present individually. In such groups, they 
would be only a means to complete a part of obligatory 
activities, and not at all a memorable and fruitful activity. 
The abovementioned groups have never consisted of more 
than 15 students, which means that the delivery of 
presentations have rarely lasted for more than a couple of 
hours. Every student is given 10 minutes for presentation 
at the end of which questions are invited. 

The structure of the entire course is such that oral 
presentations are the culmination of all the activities and 
topics covered before. The main units of the course are 
dedicated to jobs and responsibilities in a company, 
touring a company, organigrams, production processes, 
graphs and charts, product descriptions, gadgets and 
innovations, technical problems and solutions, different 
industrial sectors, case studies, etc. During the course, the 
teacher slowly introduces main elements of presentation 
skills with adequate examples and exercises. To finalize 
the course, the teacher leaves students' presentations for 
the last class in the semester. At the beginning of the 
course, students are informed of all course requirements 
and are well aware of their task to prepare presentations 
for the end of a series of ESP lessons. The knowledge they 
gain from week to week enables them to be ready for that 
event.  

”Every professional is involved in some aspects of 
communication which usually involve gathering, 
analyzing, and distributing scientific and/or technical 
information efficiently and accurately for specific 
audiences.” [5] So, the first task for the students is to 
gather available data about the company they want to 
present and select the information that could be interesting 
to the audience. The easiest and simplest way to do it is to 
copy the information from the website of the company and 
paste them onto slides. The copy-paste technique is neither 
allowed nor creative. The students should combine various 
information collected from different sources, not only 
from the official site of the company. It is clear that they 
cannot invent any new details about a company, but it is 
up to them to structure the descriptions already known into 
a presentation which will incite further interest of the 
audience.   
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4. MULTI-PURPOSE ACTIVITY 
There are a lot of purposes of oral presentations 

of companies in English. Some visible ones, which are 
included in the task set by the teacher, are as follows: 

1) To present a company in an interesting way 
that may draw attention of possible clients or partners;  

2) To produce a text which is correctly written, 
freed from excess terms and details, and without 
grammatical mistakes; 

3) To pronounce the words properly; 
4) To avoid reading from slides;  
5) To be prepared to answer the anticipated 

questions from the audience; 
6) To learn the adequate body language. 

 However, there are also some purposes which 
may be understood as intangible. They make a deeper 
layer of goals hidden below the abovementioned ones and 
can be formulated in the following way: 

1) To make students gain self-confidence by 
presenting in English in front of the public; 

2) If students are already employed with the 
subject companies, to let them feel more strongly linked to 
such companies, more committed to their jobs, more proud 
of deserving the chance to act on behalf of their colleagues 
or superiors; 

3) If they choose a company in which they would 
like to work, to encourage or strengthen their motivation to 
strive toward getting employed there or at least in a 
company dealing with similar business; 

4) To impose a lively discussion and healthy 
rivalry among the students who will do their best to leave 
as good impression as possible and thus prepare them for 
the real world full of competition; 

5) To make them open to making and answering 
questions in English and thus let them forget the initial 
fear of making mistakes or exposing their colleagues-
presenters to an unpleasant situation if they cannot provide 
an appropriate answer; 

6) To provide them with the opportunity to see 
and hear different visions and ideas, anticipate the 
behaviour of their friends in their future professional 
careers as well as foster stronger connections among them 
as future associates or business partners;  

7) To enable them to become more aware of the 
weak points in their language skills, no matter whether 
they are weaknesses in their knowledge of grammar, 
vocabulary, pronunciation, conversation or just the lack of 
courage to face the challenge of expressing themselves in 
English; if they feel the need to correct their mistakes after 
the presentation day or improve their skills in any way, it 
is for sure one of the “profits” of the whole activity  

 

5. FRAMEWORK AND CONTENT 

5.1. Organization of the presentation day 
The day which completes the work done 

throughout the semester is planned as a relaxing event for 
all participants – both the teacher and the students. The 
atmosphere is friendly, and even coffee and tea are ordered 
for the successful start and elimination of possible 
stagefright. The teacher talks to those who are shy or 
nervous trying to cheer them up. The necessary equipment 

for Power Point presentations is installed and ready for 
use.  

There is no special order in which presentations are 
delivered. Every group has its volunteers, whose 
knowledge and self-confidence are at a significant level, 
but it does not mean that their presentations are always the 
best ones. Such persons may be too fast and impossible to 
follow, which results in the loss of interest in the body of 
their presentation. The teacher may determine the order of 
delivery if there are no more volunteeers.  

The teacher acts both as the instructor and the 
mediator, particularly at the end of presentations when 
questions are invited. The questions are usually posed by 
those who are more communicative, but the others also 
join. If the level of their English knowledge is not high, 
the teacher should interfere with certain prompts. Peer 
feedback, either in the form of questions or as a friendly 
comment on good and bad points of presentations, are one 
way to get students listening and learning from the 
presentations of their colleagues and avoid boredom in 
class. The quality of the peer feedback seems even more 
important to the presenters than the feedback provided by 
the teacher.  

The rule for the question time is clear: those who 
pose questions do not gain extra points for that, and the 
presenters do not get minus points if they cannot give 
appropriate answers. It is allowed not to know everything. 
It is also allowed to enter a dialogue with the one who is 
posing the question or start a conversation with more 
participants if the topic arouses their interest. The flaming 
conversation of that type, full of information and witty 
questions and answers, is the most rewarding part for the 
teacher. That is the moment when the teacher realizes that 
the students have become professionally mature and 
prepared for sustainable development of their potentials.  

5.2. Memorable examples of presentations 
In the past several years, students have been 

showing increasing inventiveness and devotion to the 
mentioned assignment.  

Some of them did not hide their wish to differ from 
the others in the group by enriching their presentation with 
uncommon contents. There were occasions when the 
content was really tangible, e.g. in the form of sweets 
when a student treated the audience with the products of a 
well-known chocolate and candy factory, which was the 
subject of his presentation, and thus made the whole event 
more enjoyable. It can be said that his presentation hit the 
target by having effects on all senses. 

Another memorable presentation was delivered by 
a student who, at that time, was interested in drones. Those 
gadgets were entering the market and he was fascinated by 
them. He brought a real drone to the classroom and, 
delivering the required presentation, used the occasion to 
show all its capabilities. The audience was absolutely 
impressed and those interested had the chance to control 
the drone by themselves. His English language was not 
excellent, but his communication skills and a persuasive 
element in his nature prevailed, which was also a very 
good example for those who are shy, less eloquent and 
scared of using any foreign language. One of the aims of 
ESP is certainly to eliminate language mistakes of any 
kind, but maybe an even more important aim should be to 
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help students build their attitudes, confidence or bravery 
and eliminate the hindering elements in these fields. An 
engineering student may be excellent at grammar, but no 
employer will ask him to do grammatical exercises at 
work. Communication skills, quick response to any task 
which requires the knowledge of English and willingness 
to expand the existing knowledge are the characteristics 
which will enable our students to excel in the professional 
world. It is worth saying that the student who showed the 
drone now owns a small business which deals with 
recording video clips and ads by using drones. He is often 
hired by reputable companies to prepare official 
presentations of their business in the form of short clips. 

Perhaps the most memorable example of students’ 
presentations was the one delivered by a student who had 
never learnt English before. He had learnt another foreign 
language, but, due to some inevitable circumstances, in his 
later study years he had to enrol in the module that 
included learning English within the compulsory course. 
The student regularly attended classes, but was very 
reluctant - he would never utter a word in English. It 
seemed that it would be impossible for him to accomplish 
the necessary number of points to pass the exam. What 
was the turning point in his attitude toward the English 
language was the task to elaborate a presentation. The 
whole group, including the teacher, feared his 
performance. The first surprise was to see him among the 
volunteers. When he started his speech, the audience 
remained breathless. His performance was smooth, his 
pronunciation excellent, his eye contact with the audience 
and his whole body language were relaxed and he really 
acted as an expert. He did have a piece of paper in his 
hands just in case, but he did not use it. The other students 
and the teacher wondered if he had earlier pretended that 
he could not speak English. He was even able to answer 
some simple questions regarding the subject company. At 
the end, he explained to the astonished audience that a 
friend had helped him with the preparation of the whole 
presentation, with pronunciation, rehearsal and 
anticipation of possible questions. His preparatory 
activities for the presentation day were both demanding 
and challenging. His effort and success were rewarded 
with a sufficient number of points to pass the exam. The 
student’s target may have been reached in that way, but 
one of the teacher’s targets was reached, too – a 
presentation task inspired someone to overcome his initial 
reluctance, start learning English and bravely appear in 
front of the audience.   

5.3. Most recent experience 
The last presentation day was in January 2017. 

Although it was planned as an ordinary activity, it 
exceeded all expectations.  

The presenters were the first-year master students 
who attended the module Automatic Control, Robotics and 
Fluid Technique. What was uncommon for that group of 
students was that out of 7 of them, 5 were already 
employed. The companies where they worked and which 
were the subjects of their presentations differed to a large 
extent, either by their ownership or by the type of business 
operations. The students’ language skills were different, as 
well. Nevertheless, so many initial differences resulted in a 

medley of positive energy, enthusiasm and creative 
exchange of knowledge and experiences. 
 

5.3.1. Initial situation and expected outcome 
Let us show the initial situation, i.e. the task force 

for that specific presentation day: 
 Student 1 is employed with one of the largest and 

most successful energy companies in Europe. Its principal 
activities are exploration, production and refining, sales 
and distribution of a broad range of petroleum products, as 
well as the implementation of energy projects. His English 
is at an intermediate level, with a lot of weaknesses 
concerning grammar.  

Student 2 is older than the others, with a lot of 
experience at a managing position of the local public 
utility company dealing with the production and 
distribution of water, waste water treatment, design, 
investments and implementation of legislation regulating 
this field. His knowledge of English is at a very high level, 
with minor weak points.  

Student 3 has just got employed as a promising 
engineer. The company where she works is a prospective 
private-owned company specializing in designing, 
producing, and installing advertising units. The close 
cooperation between its mechanical engineers and graphic 
designers is the competitive advantage which makes it 
unique in its sector. Her English is excellent.     

Student 4 has been granted an award at a 
competition for young people with business ideas. He and 
his friends have devised an application for mobile phones 
for simultaneous recording with both front and rear 
cameras, i.e. capturing double photos and sharing them on 
social networks. As a follow-up, they have established 
their own start-up company, which now employs several 
young entrepreneurs from different fields. They implement 
the abovementioned invention through the cooperation 
with various companies, some of them being famous 
world-wide. Student 4 speaks excellent English and is very 
self-confident.  

Student 5 is employed in marketing business. His 
job is to be the leader of a group of young workers 
engaged in promoting activities of a lot of brands. His 
English is rather poor, but he expresses his strong wish to 
expand his knowledge in order to get a better position in 
his further career. 

Student 6 is not employed. She is the best student 
in the generation, but what she misses is the knowledge of 
English. Her shyness and low self-confidence, obviously 
resulting from the lack of language skills, are real 
obstacles despite her perfect reception of everything taught 
in class. The private company she wants to present has its 
seat in her hometown. It deals with the development and 
production of various types of programmable pneumatic 
machines for pressing, punching, drilling, etc. Being one 
of the leading manufacturers in that region, it is no wonder 
why it has been chosen by an excellent student for her 
presentation.  

Student 7 is the other student without employment. 
The subject of his presentation is one of the best-known 
companies in the world which primarily deals with the 
production of electronic devices. He speaks very good 
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English and is able to correct the weaknesses very easily 
and quickly. 

The expected outcome of the whole activity is to 
complete the whole semester by interesting and carefully 
elaborated presentations followed by the teacher’s remarks 
and two questions per presentation at the end of their 
delivery and probably some useful comments or questions 
posed by the audience, as usual.  
 
5.3.2. Actual outcome  

Beyond all expectations, the actual outcome was 
extraordinary. The students with a lower level of English 
knowledge amazed the audience by their presentation 
skills and the relaxed delivery of their presentations. The 
mistakes they made were less heard than the content of 
their speech or seemed less important than the 
communication they imposed. Shyness was hidden by 
good posture, smile and determination to be equal to the 
task. 

Student 7 had some technical problems with his 
presentation but it did not prevent him from being ready to 
give his contribution to the event.  

Student 6 presented her topic with perfect 
pronunciation, her slides were effective and her behaviour 
did not reveal any weaknesses in language skills. She 
understood all the questions and answered concisely. If 
anyone from the subject company had been in the 
audience, the presentation would have been a good 
recommendation for employing the presenter. 

Student 5 showed his willingness to participate and 
the aptness to use his positive attitude in order to 
compensate for weak points in his English.  

The presentation of Student 4 was particularly 
interesting for the young audience because of the novelty 
applicable in their everyday life. It inspired numerous 
questions and, for the first time during a presentation day, 
we could listen to very professional answers given by a 
young engineer who was at the same time one of the 
inventors of a product and one of the owners of the 
company presented. The student provided a lot of 
information on how the idea for the application had been 
born, who the users were, what the prospects for 
developing his company were, etc.  

Student 3 showed her abilities to present the 
production programme of her company briefly, 
persuasively and very professionally. Her presentation 
skills and excellent English were a significant plus 
hopefully recognized by her employer. A multitude of 
specialized words connected with a wide range of products 
she described made a valuable part of her vocabulary. The 
audience could feel her enthusiasm, commitment to the 
company and readiness to contribute to its success.  

Student 1 and 2 exceeded the time limit for 
presentations, but with the tacit agreement of the whole 
audience. Student 1 did something absolutely unexpected. 
Namely, during his presentation of exploration of oil, 
some slides could not be shown due to some technical 
problems. In most similar cases, inexperienced young 
presenters would apologize and quickly finish their 
speech. However, this time the lack of excellent English 
remained unnoticed because of the abundant professional 
knowledge, good presentation skills and an outstanding 
response to the challenging situation. He immediately took 

a piece of chalk and started to draw the missing slides on 
the blackboard. At the same time, he skillfully juggled a 
large number of narrowly specialized terms which he 
could describe to a detail. The audience was astonished by 
his professionalism, communication skills and capability 
to answer any question, despite some obvious weaknesses 
in his English. 

Student 2 occupied more time than the other 
presenters because the combination of his excellent 
English and engineering knowledge already applied in the 
water supply company easily attracted the attention of the 
audience. His highly informative and well-structured 
presentation turned out to be just an introduction to the 
discussion that followed. Almost all students participated 
in posing questions to him thus creating an atmosphere of 
professional exchange of ideas and experiences. They 
learnt interesting details about the water supply network, 
plans for its modernization, remote control and supervision 
of water supply, IPA funding, etc. 

The exchange of ideas and fruitful discussion 
turned the individual presentations into a form of team 
work and created a powerful synergy worth mentioning to 
the other students, teachers and, whenever possible, 
employers. 

6. CONCLUSION 
The benefits of oral presentations of companies 

within an ESP course justify the idea to introduce that 
activity as a powerful tool for preparing students to 
operate effectively in the professional setting. This multi-
purpose task is a logical finalization of the whole course 
and a smooth transition to the world of work outside the 
classroom. 

Being personally involved in a real-life situation, 
ESP students become more aware of the importance of 
acquiring presentation skills.   

Further ideas are directed toward opening the ESP 
classroom for the teaching staff, industrial people and 
other students who may be interested in oral presentations 
of companies in English. The audience composed of 
various stakeholders could produce an even more creative 
exchange of ideas and experiences.  

REFERENCES 
[1] T. Hutchinson and A. Waters, “English for Specific 
Purposes: A learning-centred approach”, Cambridge 
University Press, Cambridge (UK), (1987)  

[2] S. Blagojević, “Novi akcenti u nastavi engleskog 
jezika za akademske potrebe na masterskim studijama”, 
Tematski zbornik radova “Aktuelne teme engleskog jezika 
nauke i struke u Srbiji”, Centar za izdavačku delatnost 
Ekonomskog fakulteta Univerziteta u Beogradu, pp. 247-
258, (2013)  

[3] LJ. Knežević, “Efekti razvijanja veštine usmenog 
izlaganja u okviru nastave engleskog jezika struke”, 
Tematski zbornik radova “Aktuelne teme engleskog jezika 
nauke i struke u Srbiji”, Centar za izdavačku delatnost 
Ekonomskog fakulteta Univerziteta u Beogradu, pp. 201-
212, (2013) 

[4] J. King, “Preparing EFL learners for oral presentations, 
Dong Hwa Journal of Humanistic Studies, No. 4, pp. 401-
418, (2002) 

B.61



Proceedings of IX International Conference “Heavy Machinery- HM 2017”, Zlatibor, 28 June – 1 July 2017 

N. Pavlović

[5] S. Živković, “The Importance of Oral Presentations for
University Students”, Mediterranean Journal of Social

Sciences MCSER Publishing, Rome-Italy, Vol. 5 (19), pp. 
468-475, (2014)

B.62



IX International Conference “Heavy Machinery-HM 2017”, Zlatibor, 28 June – 1 July 2017, B.63 – B.68 

*Corresponding author: <Address> and <e-mail> 

Machining Simulation and Verification of Tool Path for CNC Machine 
Tools with Serial and Hybrid Kinematics 

Sasa Zivanovic1, Slobodan Tabakovic2*, Milan Zeljkovic2, Cvijetin Mladjenovic 2  
Aleksandar Košarac 3 

1Faculty of Mechanical Engineering/Production Engineering Department, University of Belgrade, (Serbia) 
2Faculty of Technical Sciences, / Department of Production Engineering, University of Novi Sad (Serbia) 

3Faculty of Mechanical Engineering, Faculty of Mechanical Engineering, University of East Sarajevo (B&H) 

Development of modern machine tools basically is directed on improvement of kinematic structures and exploitation 
characteristics. As a result of this in last two decades industry more and more uses machine tools based on parallel and 
hybrid kinematics with significant increasing of speed of main and movement and feederate. In order to provide more 
efficient exploitations of these machines, reduce of the preparation time of production, increase of the safety of users and 
machines is necessary application of software for simulation and verification programs.  

This paper presents the concept of modern technological preparing of manufacturing in the case of the definition of 
virtual machine tools based on conventional - serial and hybrid kinematics, simulation of machining and verification of 
programs for machining of characteristic workpiece. 

Keywords: Virtual machine tool, machining simulation, verification of tool path, CAD/CAM, CLF, NC program
1. INTRODUCTION 

Development of industrial production with a view 
to further development of the society in the twenty-first 
century is largely based on the development of production 
capacities and resources that enable their effective 
exploitation. In the area of discrete mechanical production 
this primarily involves significant innovation in the field 
of machine tools. Their development in a contemporary 
environment entails further development of: exploitation 
characteristics (that is primarily to increase processing 
regime up to several times) and kinematic structure.  

These trends in production engineering have 
necessitated the use of an appropriate software the 
objectives of which include reducing the time for 
production preparation, increasing processed surface 
quality and the elimination of waste. 

The machining simulations and verification 
programs before executing which includes of virtual 
machine prototype when it works according to the running 
program is broad topic and includes the complete models 
of machining process, structure of machine, actuators, 
kinematic subsystem, etc [1]. All of these models can be 
be integrated into a some software systems, which allows a 
part of the virtual production [2-4]. 

For the purpose of the simulation and verification 
tool path, i.e., the NC program, different tools such as 
CNC editors, CNC simulators, CAD / CAM systems and 
CAM systems can be used, Fig.1. Common to most of 
these software, except CNC editor, is the possibility of 
verify the NC program by simulation of the processing 
that includes a complete virtual model of the machine 
tools.  

CNC editors are used when instructions for 
machines are generated in manual programming. Their 
main advantages are: the visualization of the programmed 
tool path and the possibility of simulating the movement 
of the tool during removal of the material [5], Fig. 2, for 
both new and previously made CNC programs. Drawback 

of such a program is impossibility of simulation cutting 
processing which includes model of machines tools. 

 
Figure 1: Machining simulation for verify NC programs 

 
             Figure 2: Cimco CNC editor 

CNC simulators allow loading and verification 
programs as well as training in using different types of 
control units. 
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There are also a lot of CNC Simulation Software 
for programming training, such as CNC Swansoft 
simulator [6] - Fig. 3, CNC simulator Pro [7], and others. 

Figure 3: Swansoft CNC simulator 
These simulators in addition to the emulation of 

different control units, offering the possibility to work 
with virtual machine tools in the software environment 
which includes both handling and simulation cutting 
process. These software are developed for the milling and 
turning processes. 

For verification and optimization of CNC 
programs, including cutting process on virtual machine 
tool, there are commercial software such as VeriCUT [8], 
NC Simul [9], NC Brain [10], CAMWorks [11] etc. 

Figure 4 shows verification of NC program by 
simulation of material removing that includes a complete 
virtual model of a 5-axis machine tool [12] in the software 
VeriCUT. 

Figure 4: VeriCUT machining simulation [12] 

Modern CAD/CAM systems such as the PTC Creo 
[13], Catia [14], NX, [15] SolidCAM [16], MasterCAM 
[17], GibbsCAM [18] Inventor-HSM [19], CIMATRON 
[20], and others, have modules for cutting process 
simulation using virtual machine tools. 

Configure of the virtual machines with serial 
kinematics is a relatively simple task, which cannot be said 
for machines with parallel and / or hybrid kinematics. 

The paper shows the simulation cutting process that 
includes configuring the machines in CAD/CAM system 
PTC Creo 2.0 in case of an existing machine with a serial 
and a machine with hybrid kinematics. 

2. CONCEPTIONS OF CNC MACHINE TOOLS WITH
SERIAL AND HYBRID KINEMATICS 

Demands for improvement of exploitation 
characteristics of machine tools in the last twenty years, 
apart significantly improved characteristics of existing 
components and subsystems, require also the use of 
different kinematic structure concepts. Thus, apart to 
conventional serial kinematic, increasingly in the 
application are parallel and hybrid kinematics which, in 
certain conditions, significantly improve characteristics of 
machine tools. 

The main difference in the process of analysis of 
the paths, simulation and verification CNC programs in 
numerically controlled machine tools with different 
kinematic structure is a problem of defining the position of 
the elements of the machine in relation to the tool, i.e. its 
trajectory. In machine tools whose kinematic structure is 
based on parallel or hybrid mechanisms, procedures for 
solving of this kinematic problem is significantly different 
compared to solving of serial kinematics mechanisms 
problems. 

The paper uses two different machine tools for the 
analysis of this problem: horizontal machining center 
Heidenraich & Harback FM38 (H&H FM38) with serial 
kinematic structure and the experimental machine tool 
based on a hybrid O-X mechanism. 

2.1. Horizontal machining center 

Horizontal Machining Center H&H FM38 belongs 
to a group of numerically controlled machine tools 
conventional kinematic structure, with 3 numerically 
controlled linear axis and the index programming CNC 
rotary table i.e. rotational axis (B axis), Fig. 5. 

Figure 5: CNC  Horizontal Center H&H FM38 
The machine is equipped with automatic tool 

changer with drum style magazine containing 15 tools for 
milling and drilling and a mechanism for automatic tool 
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change and handling. Control unit is Siemens Sinumerik 
840D. 

In the context of conducted research, H&H FM38 
horizontal milling center, due to its structure and 
accessibility on the Faculty of Technical Science Novi Sad 
was used for analysis the possibility of forming the virtual 
machine tool and accuracy in the simulation tool path 
processing. 

2.2. O-X glide hybrid kinematics milling machine 
 

The second part of the research is analyzing 
possibilities for application of advanced software for 
simulating operation of machine tools with hybrid 
kinematic structures, which include a combination of 
parallel and serial mechanisms. 

Machine tool based on the original O-X glide 
mechanism with hybrid kinematics was taken as a basis 
for this analysis. This type of machine tool is created by 
combining planar parallel mechanism and the machine 
structure which allows its translational movement. Plane 
parallel mechanism is designed so that the tool can reach 
the biggest part of work space in two configuration of 
mechanism which behaves as dual two parallel 
mechanisms with different characteristics in terms of: the 
dimension of the working space, stiffness, speed etc. 
Figure 6 shows the initial concept machine with hybrid 
kinematics in two positions: extended (O) and cross (X) 
O-X structure [21, 22]. 

 
Figure 6: CAD model of the O-X glide mechanism 

 
Plane parallel mechanism consists of the mobile 

platform, connected via spherical joints to the rods of 
constant length. On the second end rods are conected to 
sliders via revolute pair (with one degree of freedom), 
each of them moves on its own guide rails. In order to 
increase the autonomy of sliders, they are positioned at 
different distances in the vertical direction, which enables 
their passing in the plane, and the movement mechanism 
in an extended position (O) and cross (X) position. 

In the first phase of O-X glide mechanism 
prototype development based on previously acquired 

dimension of parallel mechanism, first physical prototype 
is made using the rapid prototyping technology, Figure 7a. 

On the example of this prototype, verification of 
working space O-X glide mechanism is performed by 
moving the slider and following the center of gravity of 
the mobile platform. Thus it is confirmed that workspace 
of prototype mechanism corresponds to mathematically 
obtained workspace. Characteristic positions of prototype 
O-X glide mechanism, in which center of gravity of 
mobile platform is observed, are shown on Fig. 7b for 
extended shape and on Fig. 7c for cross shape of 
mechanism [24]. 

 
Figure 7: 3D printed real model of the O-X glide 

mechanism [24] 
This paper shows the simulation kinematics 

machine based on the O-X glide mechanism on the virtual 
prototype. 

3. MACHINING SIMULATION IN THE CAD/CAM 
ENVIRONMENT 

The configured virtual CAD models of CNC 
machine tools with serial and hybrid kinematics is used for 
the verification of tool path using machining simulation in 
CAD/CAM environment. This machining simulation 
based on generated tool path, which also includes machine 
simulation. This machining simulation is very important in 
order to: (i) configure the off-line programming 
environment, (ii) verify program before machining, (iii) 
detect collision during program execution. 

3.1. Machine virtual models for simulation 
 
Machining simulation by running the program is 

possible thanks to the applied modelling of  machine 
virtual model for simulation with all kinematic 
connections between the components, which allows the 
motion of a virtual model as a system of rigid bodies. 
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Figures 8 and 10 shows a detailed virtual model of 
machine tool for machining simulation. Those machine 
models, configured in CAD/CAM system PTC Creo 2, 
with all kinematic relationships. Examples of such 
simulations can also be found in the previus papers [12, 
21-23]. Virtual machine models discussed in this paper,
are configured including appropriate kinematic
connections. For CNC H&H FM38, Fig.8, which has all
three translational axes are used only kinematic connection
type Slider.

Figure 8:CAD model of the CNC  Horizontal Machining 
Center  H&H FM38 

An example of defining  translational axis (Y) for 
the horizontal machining center H&H FM38 is presented 
on Fig. 9. 

Figure 9: An example of defining the kinematic connection 
type Slider 

During designing of the machine model in PTC 
Creo, movable elements are connected by kinematic 
relationship. According to Fig. 9 all movement are 
translations. It's necessary: (i) match all translation axis, 
(ii) match surfaces or planes of translation, (iii) define
referent point of translation axis and travel length. Virtual
machine model designed in such way can be included in
the cutting process simulation.

In case of machines with a hybrid kinematics, for 
both variants shown on Fig. 10, except translational axis, 
rotary joint were used to link the support plate on the 
slider to platform using 4 pair of coupling, corresponding 
to joints type Pin. 

Figure 10: Virtual prototype of a) extended and b)crossed 
form of the O-X glide hybrid kinematic milling machine 

Figure 11 shows the detail of machines used 
kinematic joints type Slider and Pin. 

An example of defining the kinematic connection 
type Pin, which represents the rotary joint on the machine 
is shown on Fig. 11b. 

The procedure defining pin joint connection 
includes: (i) align axis of rotation, (ii) match surfaces or 
planes to align the rotating components along the rotation 
axis (iii) define current position of rotary axis and 
minimum and maximum of rotation limits. 

Figure 11: An example of defining the kinematic 
connection type slider and pin for the machine with hybrid 

kinematics 

On the base of defined kinematic joints on designed 
virtual machine model, it is possible to include a complete 
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virtual model of the machine during simulation of the tool 
path.  

3.2. Machining simulation 
 
Simulation of the machining using a virtual 

prototype is the safest and most economical way of 
program verification. 
This type of simulation is particularly important in the 
development phase of new machines because it allows the 
identification of possible deficiency, which is especially 
interesting in the case of second discussed machines with 
hybrid kinematics whose development is in progress. 
System for programming using CAD/CAM system PTC 
Creo 2.0 [13] is designed so that include a simulation of 
discussed virtual machine model, thus performing a 
verification of the obtained programs. Fig.12 shows the 
programming environment applicable to both considered 
machines. 

Figure 12:The structure of programming system based on 
CAD/CAM system 

As an example, variant of modified workpiece for 
testing the accuracy of machine tools was used for the 
simulation. After generating the tool path (CLF - Cutter 
Location File), it is possible to verify these paths by 
simulation of material removal and machining of the entire 
virtual machine model. For configured virtual machine 
models, simulation of the machining processing using the 
entire virtual machine is starting by Machine play. This 
simulation is realized in the running mod using defined 
program. 

 
 

Figure 13:Simulation and verification of tool path for 
CNC  Horizontal Center H&H FM38 

Examples of simulation for both machines in the 
system for programming PTC Creo 2 environment, are 
shown in Figs. 13 and 14. 

For machines with hybrid kinematics particularly 
important possibility is checking the positioning of the 
workpiece in the machine workspace, since machine does 
not have the regular shape of workspace geometry [21]. 
Corresponding post-processor for NC program generating 
according to ISO 6983 is configured in the CAD/CAM 
system, for both machines and for Siemens Fanuc CNC 
systems, Fig.12. 

 
Figure 14:Simulation and verification of tool path for O-X 

glide hybrid kinematic milling machine 

4. MACHINING TEST 
Cutting process testing for modified workpiece 

used for testing the accuracy of machine tools is 
implemented on machining centre H&H FM38. 

Dimensions of workpiece used for testing are the 
same like dimensions of model used in simulation. Also, 
identical CNC program was used for both, testing and 
simulation. Figure 15 shows the workpiece obtained 
during testing. 

 

 
Figure 15:Test workpiece after machining test 

Control of geometric shapes and dimensions of the 
workpiece after testing shows that result obtained by 
simulation based on generated CNC program fully meet 
workpiece dimensions. 

5. CONCLUSION 
Machining simulation plays an important role in 

modern manufacturing. There are many benefits to 
machining simulation, and one of the most important is  
testing program for machine, without pressure. Crashing 
machine on the computer screen is not a big problem. The 
process of setting up machine simulations is very similar 
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to setting up a real machine. The part must be placed in the 
machine in the correct position and orientation. 

Analysing generally accepted simulation processes 
and verification of CNC program for CNC machine tools 
on the example of machine tools with different kinematic 
structures, advantage of their use can be seen:  
(i) Significantly shorter period of time for the preparation
and verification of the program for the CNC machine
tools; (ii) the machining simulation enabled prior
identification of possible collisions between the machine
elements during program execution and verification; (iii)
ability to simulate removal of material and analyses of
virtually produced workpiece; (iv) significant reduction in
the percentage of waste on the produced parts.

However in order to simulate the cutting process on 
the virtual machine, it is necessary to configure it 
according to the procedure that is different in particular 
software environments. This paper shows how this can be 
done using CAD / CAM system: PTC Creo 2.0 in the case 
of  one machine with the serial and one with hybrid 
kinematics. 

On the first machine, horizontal machining center 
H&H FM38 process verification was done by producing 
modified workpieces for testing the accuracy of machine 
tools. 

Based on the above it can be concluded that in 
modern production application of appropriate software 
systems for simulation and verification of CNC program is 
necessary. This becomes more important when preparing 
complex workpieces in individual production where waste 
occurrence are extremely expensive and obtaining optimal 
tool path during production by adjusting existing programs 
is not possible. 
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Engagement zone is determined as instant intersection of workpiece and tool which is changing during milling 
operation. Engagement zone is identified as key parameter whose variations throughout the milling process causes the 
variations of cutting force. Knowledge of changes in engagement zone along the tool path is necessary for simulation and 
monitoring of the cutting force during the machining process. 

In milling process workpiece geometry is changing from blank shape to finished product. For determination of 
engagement zone geometry it is necessary to have accurate instant workpiece geometry and tool position. This paper 
presents geometrical representation of blank, tool and tool path used for animation of current workpiece geometry and tool 
position. Calculation and animation of engagement zone geometry is also shown. 

Keywords: Animation, Milling operation, Workpiece geometry 
1.  INTRODUCTION 

Cutter engagement or engagement zone in milling 
operation is described in literature [1] as measurement of 
portion of the cutter which is actually involved in 
machining at a given instant of time. Geometry of 
engagement zone is determined by radial and axial depth 
of cut and engagement angle [2]. 

Accurate cutter/workpiece engagement calculation 
is a key requirement for process modelling [3], and 
therefore engagement zone is identified as key parameter 
which variations during the process causes the variations 
of cutting force in milling operations [2]. Simulation of 
engagement zone elements can be used for determination 
of cutting force and cutting force variation during 
machining.  

In general, there are two groups of approaches to 
model the cutting engagement: 

• exact methods, using vector analytical geometry 
and Boolean operations to calculate exact positions and 
magnitudes of contact points, lines or surfaces in 
volumetric space [4],[5]; 

• discretized methods, based on bitmap image 
analysis in 2D (pixel-based methods) or finite-element 
methods in 3D [6], [7], [8], [9]. 

Approach used in this paper is combination of those 
two approaches. 

For calculation of engagement zone elements it is 
necessary to determine tool position and current workpiece 
shape in each point of tool path.  

Required elements of the cutting process can be 
calculated if, in addition to data contained in the generated 
NC programs, geometric characteristics of blank and 
geometric and technological characteristics of the tool are 
defined. 

To calculate geometrical parameters, first of all, 
NC code data generated by some of the CAM packages 
have to be imported into a database and processed. For 
each path segment the coordinates of start and end point, 
interpolation parameters, cutting conditions and geometric 
characteristics of the tool are obtained [10]. 

This paper presents animation of tool position, tool 
movement direction, workpiece current shape and contact 
lines generated in intersection of tool and workpiece 
during machining. 

2. GEOMETRICAL DESCRIPTION OF BLANK 

Blank workpiece is imported in Matlab as a bitmap 
image representing view of blank from above, where each 
colour corresponds to an appropriate height of the blank 
(Figure1), detailed description is given in [11].    

 
Figure 1: Transformation of bitmap image into blank 

network  

Dimensions of rastered basis of the blank, the 
coordinates (position) and colour of each pixel are read 
from a bitmap file (Figure2). Blank matrix Wc containing 
the coloures of all the pixels in the XY coordinate plane, is 
created (Equation 1). 

Matrix Wc contains coloures of each pixel in 
coordinate plane  XY. 

( ) ( )

1  

1 , ,      : 1 :  
1

 

+ − = −
bw

Wc b j i B j i j icl

bl  

(1)           
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bmp_struct= imfinfo(tfil);
bw=getfield(bmp_struct,'Width'); 
bl=getfield(bmp_struct,'Height'); 
bc = imread(tfil); 
for j = bl:-1:1,
   for i= 1:1:bw, 
       wc(bl+1-j,i)= bc(j,i); 
   end 
end 

Figure 2. Bitmap data reading 

Based on matrix Wc, given maximum blank height 
wzmax and given length of pixel in millimetres wpm matrices 
of point coordinates at blank net are calculated: 

( ) ( )
( ) ( )

( )
( )

( ) ( )

 : :
1

1

, 1

, 1
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, , 0

,
, 0 , 255

255
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bl
bw

j i

Wx j i i wpm
Wy j i j wpm

Wz j i

NaN Wc j i

Wc j i
w Wc j izmax

(2)    

Blank boundary in XY plane is rectangular shape 
with length bl and width bw, and value of each pixel inside 
that boundary is determined by reading its colour from 
bitmap data. 

On the basis of the matrix WC, given maximum 
height of blank wzmax and length of pixels in millimeters 
wpm, matrix of points coordinates on the blank net are 
calculated. 

If pixel colour is 0 (black), in that point there is no 
material in the workpiece (hole), otherwise, height of point 
at blank net Wz(j,i) corresponds to value of pixel colour. 

Corresponding matrix of blank in Matlab is formed. 
Blank don’t have to be prismatic, it can have vertical holes 
and grooves, but may not have the horizontal holes.  

3. GEOMETRICAL DESCRIPTION OF TOOL
Geometrical description of the tool is based on

ASCII database in which diameter and shape of tool are 
written. Based on tool diameter dt and radius rt, as well as 
millimetre net division wmp matrix of points on cylindrical 
tool net are calculated. Program is developed for three 
different shapes of tool: cylindrical (flat endmill), conical 
(tapered endmill) and spherical (ball endmill),  

Tool net U is described by matrix Ux, Uy and Uz: 
( ), ,=U Ux Uy Ux

    (3) 
and Ux, Uy and Uz matrix dimensions are: 

=j du u
, =i du u     (4) 

Matrix of tool points coordinates are written in 
ASCII files together with other tool data. Along with tool 
net U, based on tool radius rt, maximum tool height tzmax, 
and millimetre net discretization wmp coordinates of points 
on tool generatrix are generated (Figure 3). 

Figure 3: Matrices of points on tool generatrix 
coordinates for three types of tool: cylindrical, conical 

and spherical mill 

The result of previous tool description are tool nets 
for cylindrical, conical and spherical mill (Figure 4) in 
Matlab program.   

Figure 4: Tool nets for cylindrical, conical and spherical 
mill 

4. GEOMETRICAL DESCRIPTION OF TOOL PATH

Geometrical description of tool path is obtained by 
transformation of NC program into ASCII file. 

According to database, for each program sentence, 
tool path segment is reproduced (Figure 5). Tool path 
segments which corresponds to machining are presented 
with solid lines, and those that refer to positioning and 
rapid movement of tool are shown as dashed lines. 

Figure 5: Tool path segments corresponding to ASCII file 
Tool path defined by ASCII file is segmenting to 

elementary tool path segments P(m) corresponding to each 
data row (Figure 6). To each tool path segment P(m) 
following data are assigned: interpolation type - Pg(m), 
feed rate- Pf(m)=s, spindle speed Ps(m)=n, start point 

i 
bw 

bl
 j 

Wpm

W
pm

 

bc( j, i) 

j 
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coordinates - x1, y1, z1, end point coordinates - x2, y2, z2, 
circular interpolation centre point- xc, yc, zc, circular 
interpolation radius  r, circular interpolation start angle- α0 
and circular interpolation angle- α. 

 
Figure 6: Tool path segmentation 

For each tool path segment, length of segment 
Pl(m), number of points on segment pn, matrices of points 
coordinates at tool path Px(n), Py(n), Pz(n) and angles of 
tool path in that points Pa(n) are calculated. In each of 
these points, tool – workpiece intersection will be 
determined. 

5. WORKPIECE TRANSFORMATION 
 For determination of tool - workpiece intersection, 

blank net is defined as line Wp which consists of parallel 
lines at part of blank net W at current tool position, and 
tool circumference is defined as polygon Op in XY plane. 

Polygon P1 is defined by matrices of vertices 
coordinates in XY plane P1 = (px1, py1). Line P2 is 
defined by matrices of line end points coordinates in XY 
plane which contains members NaN (Not A Number) as P2 
= (px2, py2). Members NaN divide line P2 on segments. 
Result of line and polygon intersection Pi = P1 ∩ P2 are 
matrices of intersection points coordinates Pi = (pxi, pyi). 
Dimension of matrices pxi and pyi are mutually equal and 
determine the number of intersection points.   

 

 

 px1 = [x1(1) x1(2) x1(3) 
x1(4) x1(5) x1(6) x1(1)];                                              
 py1 = [y1(1) y1(2) y1(3) y1(4) 
y1(5) y1(6) y1(1)]; 
 px2 = [x2(1) x2(1) NaN x2(2) 
x2(2)];                                              
 py2 = [y2(1) y2(2) NaN y2(1) 
y2(2)]; 
 [pxi, pyi] = polyxpoly(px1, 
py1, px2, py2); 

Figure 7:Definition of polygon Wp as line consisting of 
pararlel lines 

Connecting horizontal and vertical segmented lines 
gives Wp consisting of parallel segments and determined 
by matrices of points coordinates Wpx and Wpy on part of 
blank matrix W. 

 
Figure 8: Lines consisting of horizontal and vertical 

segments of Wp  
Intersection of polygon Op and line Wp results in 

matrices of coordinates Ox(k) and Oy(k):  
 (5) 

 
Figure 9: Intersection of polygon Op and line Wp 

5.1. Contact points determination 
Points of contact between blank and tool 

circumference are determined based on matrices of 
coordinates on blank net Wx, Wy Wz, W2x, W2y and W2z 
and matrices of points coordinates in which tool 
circumference intersects workpiece net O1x, O1y, O1z, 
O2x, O2y, O2z. For each pair of adjacent points on tool 
circumference (Figure 10) with coordinates O1x(k), 
O1y(k) and O1x(k+1), O1y(k+1) elementary unit of 
workpiece net intersect by tool is determined by 
coordinates  Wx(j,i) and Wy(j,i) and point positon (j, i) in  
coordinate matrices Wx, Wy и Wz. 

 
Figure 10: Two adjacent points  on tool circumference: 
coordinates  Wx(j,i) and Wy(j,i) and point positon (j, i)  

Ratio of coordinates W2z(2·j,2·i) and O1z(k) defines 
if intersection point on tool circumference is in contact 
with workpiece (Figure 11). For O1z(k) ≥ W2z(2·j,2·i) 
(Figure 11a), there is no contact between tool and 
workpiece. For O1z(k) < W2z(2·j,2·i) (Figure 11b), contact 
point z coordinate is W2z(2·j,2·i). For O1z(k) < 
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W2z(2·j,2·i) and O1z(k) < wz0 (Figure 11c),, contact point z 
coordinate is wz0. 

a) b) c) 

O1z(k) ≥ W2z(2·j,2·i) O1z(k) < 
W2z(2·j,2·i) 

O1z(k) < 
W2z(2·j,2·i) and 

O1z(k) < wz0 

Figure 11: Checking for contact in intersection point of 
tool circumference and workpiece for different tool 

positions relative to workpiece in z direction 
For contact point matrices of coordinates for 

bottom contact points K1x, K1y, K1z, K2x, K2y, K2z, 
matrices of central angles K1u, K2u, matrices of 
differences between angles K1i, K2i and matrices of 
projections of distances between points on tool path 
direction normal K1a, K2a (Figure 12), are formed. 

Figure 12: Tool-workpiece intersection: contact line and 
contact points from both sides of tool movement direction 

and respective geometrical elements  
Besides coordinates of bottom contact points K1z, 

K2z, respective coordinates of upper contact points are 
calculated K1w, K2w. They depend on maximum tool 
height tzmax (Figure 13). 

a) b) c) 

O1z(k) < 
W2z(2·j,2·i) and 

O1z(k)+ tzmax ≥ 
W2z(2·j,2·i) 

O1z(k) < 
W2z(2·j,2·i),  

O1z(k) < wz0 and 

 O1z(k)+ tzmax ≥ 
W2z(2·j,2·i) 

O1z(k) < 
W2z(2·j,2·i),  

O1z(k) < wz0 and 

O1z(k)+ tzmax < 
W2z(2·j,2·i) 

Figure 13: Coordinates of upper contact points K1w for 
different tool positions relative to workpiece in z direction 

For cases a) and b) in Figure 13, K1w is equal to 
W2z(2·j,2·i) and for case c) in Figure 13, K1w is equal to 
O1z(k)+ tzmax. 

Bottom contact points, obtained by presented 
procedure in each tool position at elementary segment of 

tool path,  are shown in Figure 14, left.  Bottom contact 
points and corresponding upper contact points are shown 
in Figure 14, right.  

Figure 14: Bottom and upper contact points on elementary 
segment of tool path 

Figure 15 shows contact points in two different 
points at elementary segment of tool path. 

Figure 15: Contact points in two different points at 
elementary segment of tool path. 

Figure 15, left, is an example for constant axial 
depth of cut, and Figure 15, right, shows case with two 
different axial depths of cut in single tool rotation. 

5.2. Example of workpiece transformation using 
3D animation 

Process of workpiece transformation is illustrated 
by animation steps explained above (Figures 16-22). 

Figure 16: Bottom and top contact lines and tool positions 
at the start and the end of the first tool path segment  
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Figure 17: Bottom and top contact lines formed in two 
consequent tool rotations at the beginning of tool path 

segment  

 
Figure 18: Bottom and top contact lines formed in 

consequent tool rotations at the first tool path segment 

 
Figure 19: Bottom and top contact lines at the end of the 

first tool path segment 

 
Figure 20: Enlarged view of bottom and top contact lines 

at the end of the first tool path segment 

 
Figure 21: Tool position and transformed workpiece 

shape at the end of the second tool path segment 

 
Figure 22: Tool position and transformed workpiece 

shape at the end of the first tool path segment 
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Figures show process of determination of bottom 
and top contact lines between tool and workpiece, tool 
positions and transformed workpiece at one segment of 
tool path. Presented animation of milling process and 
workpiece transformation is used for calculation of 
engagement zone elements and visual machining error 
detection on machined workpiece.   

6. CONCLUSION
In this paper animation of engagement zone and 

workpiece current shape during milling operation is 
presented. Engagement zone is changing during the 
peripheral milling of pockets or islands. Variation of 
engagement zone causes variation of other milling factors 
such as cutting force or productivity. Knowledge of 
engagement zone elements along the tool path is therefore 
necessary for calculations of cutting force and other 
characteristics of milling process.  

Presented methodology is part of program 
developed for optimal tool path selection based on 
different criteria such as minimum cutting force, minimum 
cutting force variation, type of milling (up or down), total 
tool path length etc.  
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Engineering machining processes realized in flexible machining systems (FMS) is a highly complex engineering 
task, especially since it encompasses complex optimization procedures apart from engineering. For a broad array of 
different workpieces produced in different series it is very difficult to engineer a manufacturing process for attaining 
maximum processing productivity with minimal production costs. The paper presents a developed post-processor model 
enabling automatic generating of the NC code for all NC programs executed simultaneously in the production process on a 
greater number of machining centers. The model engrosses the different variants of tools in a machining center magazine, 
a different combination of elements of the machining mode, possibility of the most favorable layout of workpieces on 
palettes, compliance with the technological requirements in terms of simultaneous tool changes in machining center 
magazines, the required total processing time and minimal production costs. To that aim has been developed the post-
processor generator, as a program and software system, enabling all NC programs to be automatically updated based on 
the set up optimization strategy from tool changes, changes in cutting mode  elements and technological operations. Such 
updated NC programs contain optimal technological parameters and provide minimal costs of production while at the 
same time the maximum utilization of tools during manufacture at an exactly specified time.  

Keywords: NC program, optimization of machining processes, post-processor generator, FMS
1. INTRODUCTION 

The optimal manufacturing process in a classical 
production system arises as a result of optimal performing 
of individual technological operations when developing 
each workpiece according to multifunctional dependencies 
between the machine tool, workpiece material, tools and 
elements of the machining mode [1]. In FMS 
technological processes this isn't the case, because 
procedural dependencies are very important in processing 
alongside the functional. Optimizing the technological 
process in FMS is based on a much more complex model, 
because production in FMS has a series of production 
specifics in a classic production system [2]: 
 The workpieces for processing in FMS are 

geometrically and technologically of similar 
characteristics, 

 Simultaneous – simultaneous processing of multiple 
same and/or different workpieces in FMS,  

 Processing same and/or different workpieces is 
performed simultaneously on multiple different or 
same manufacture centers, 

 The workpieces are processed usually in different 
series (whereby each workpiece type has its own 
specific series in which it should be manufactured), 

 On one machining center are performed several 
machining operations with different tools,  

 On one palette can be several same or different 
workpieces,  

 Tool change is done automatically in two levels – 
change from the main spindle and tool magazine on 
the machining center and change of all tools from the 
machining center magazine, 

 Simultaneous tool change from the machining center 
magazine conditions for one of the goal functions 
during optimization to be an even level of blade wear 

on all tools, and for each tool to have durability 
approximately equal to its cutting time,  

 Changing workpiece palettes is done automatically, 
 Moving workpieces in a technological process is 

performed via an automatic transport system, 
 Storing workpieces between individual technological 

phases in the manufacture process is performed on 
buffers – special palette storages,  

 The preparation places for secondary and gripping 
requisites, tools and workpieces are specially 
organized and are set on palettes available to 
automatic transport systems, 

 The delivery of preparation pieces is especially 
regulated (castings, forgings, welded blanks) to the 
FMS line and delivery of processed parts. 
The technological task for processing a group of parts 

(A1, A2, A3, ..., An) in FMS is set for the defined and pre-
known FMS configuration. Besides, for designing an 
optimal technological process in FMS we need to have as 
input data the series that should be produced for every 
workpiece from the assortment (SA1, SA2, SA3, ...,SAn, 
whereby in the general case is SA1 # SA2 # SA3 # ... # 
SAn), the total time for processing the entire assortment of 
parts in a given series (Tz) and the grade (e) of utilization 
over time of the machining centers (Fig. 1). 

Part groups that are simultaneously processed in FMS 
can be comprised of a smaller or lesser number of different 
parts (A1, A2, A3, ..., An), while its series can also be very 
different. Some workpieces can be made in a smaller 
number of pieces, while others can be in larger series. All 
workpieces in a group don’t have to be of the same 
material. All this indicates that the production process in 
FMS is quite flexible from several aspects and that the 
engineering procedure and machining optimization in 
FMS is quite complex. 

B.75



Proceedings of IX International Conference “Heavy Machinery- HM 2017”, Zlatibor, 28 June – 1 July 2017 

Lj. Lukic, S. Ivanovic, A. Petrovic, M. Djapic 

Figure 1: Procedure of engineering and optimizing the 
production process in FMS 

2. OPTIMIZING FLEXIBLE MACHINING

The optimization of technology [3] starts in a phase 
when the NC programs for all grippings for a workpiece 
group that is simultaneously processed in FMS have been 
done. By analyzing each generated NC program, there are 
a couple of resulting parameters as statistic indicators of 
the quality of engineering the machining process (Fig.2):  
 The total number of technological operations
 The duration of each operation,
 The total indexing number,
 A list of tool sets by each NC program and a list of

elements for each individual set (main holder,
extension piece, reducing piece, requisites, cutting
tools),

 The total number of tool changes and number of all
tools participating in executing the NC program,

 No-traverse period – the period the tools move
without cutting the material,

 Cutting time– the period of time in which the tool
blades mesh the workpiece material (working traverse
rate),

 Total indexing period,
 Total time for tool change and
 Total time of executing the NC program on the

machining center.

Figure 2:  Position of the workpiece on the palette in 
relation to the tool 

By analyzing, adding and comparing the values of 
output parameters, the parameterization of all NC 
programs whose execution is planned within the scope of 
one technological process is performed. In that manner we 
get to a general evaluation of the engineered technology 
for FMS, based on which we enter the optimization 
procedure. 

The technological task defines a certain group of 
workpieces (A1, A2, A3, ..., An) that is being processed, the 
series to be produced for every workpiece from the group 
(SA1, SA2, SA3, ...,SAn), the total time for processing a 
group of workpieces in a given series (Tu) and the rate of 
processing center utilization over time (e). If we apply the 
convention that one NC program matches one gripping, 
then the number of NC programs (k) must be higher than 
the number of different workpieces in the group (n), 
because it is practically impossible for all workpieces to be 
processed in one gripping. Every workpiece type in the 
group (A1, A2, A3, ..., An) is processed in one or more 
grips. The sum of the number of necessary grips for all 
workpiece types (S) is equal to the total number of NC 
programs (N), 
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To determine the total processing time (TAi) of one 
specific type from a group of workpieces, the times of 
execution of the NC programs (TNCi) referring to a specific 
type are added and the palette change time is added (TP) 
increased as many times as the workpiece has grips (Si),  
  

 
The total processing time (TSAi) of one type of 

workpiece in a given series is defined as 
 
 

The total effective processing time (TSA)  of all 
workpiece types in a given series can be determined by 
adding the processing time  
 
 
 
 

Since it is impossible for a predetermined FMS 
configuration to organize the production process so that all 
manufacture centers are maximally utilized, the total 
effective time for processing a group of parts (TSA) 
should be corrected according to the rate of utilization of 
machining centers (e) and thus get the real required time 
(TSAR) for processing a group of parts in a given series. If 
the rate of utilization is expressed so that it is (e < 1.00), 
we'll get the real time of processing by increasing the 
effective time (TSA), 
  

 
The total time of palette changes (TIP) during the FMS 

process, is gotten by multiplying the palette change time 
(TP) as a functional feature of the manufacture center and 
number of all grips– or the number of all NC programs, 
 
 

When the total real time (TSAR) for processing a 
group of parts in given series, arising as a result of 
executing all NC programs in FMS, is compared to the 
given total processing time (TZ) it is practically impossible 
for it to be TSAR = TZ, which would mean that the 
technological task was resolved in the first "passage" of 
NC programming. It can be expected that TSAR > TZ or 
TSAR < TZ, based on which is determined the optimization 
strategy (Fig. 3). The optimization strategy [4] is 
conducted by changing the elements in NC programs that 
are engineered in the first “passage” of NC programming, 
so that in the end result the real time for processing would 
be approximate to the given time. The optimization 
procedure is conducted firstly in the domain of cutting 
tools, then the cutting mode and finally in the 
manufacturing operation domain.  

In the case of TSAR > TZ, we apply the optimization 
strategy for increasing the productivity of the machining 
process that will partially raise costs for a specific 
production cycle. Elements in NC programs must be 
changed to shorten the time of their execution. We need to 
choose tools of better cutting features and of better tool 
materials than in the first “passage” of NC programming, 
in all the machining operations where possible (Fig. 4). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Strategy when optimizing manufacture processes 

in FMS 
 

In case of TSAR < TZ we apply the optimization 
strategy for reducing the costs of the machining process. In 
this case by changing the elements in NC programs we 
increase the times of their execution. Cheaper tools of 
lower cutting quality are chosen than in the first “passage” 
of NC programming, in all the technological operations 
where this is possible. The cutting speeds decrease and the 
speeds of secondary movements in operations where the 
technological requirements allow it, while the alternative 
technological operations are determined that will enable 
longer processing time by reducing costs. 

If through the optimization procedure we don’t attain 
the desired result in the first stage (TSAR ≈ TZ), we go on 
to the second or third. Given that NC programs can 
contain a high level of manufacturing operations, and that 
the difference between TSAR and TZ doesn’t always have 
to be great, the optimization procedure can be successfully 
completed in one step, but to be conducted only in certain 
NC programs.    

The procedure for optimizing the manufacturing 
processes unfolding in FMS greatly differs from the 
optimization of conventional manufacture processes. The 
optimal technology for FMS isn’t the sum of optimal 
individual manufacturing operations, but global 
optimization is carried out at the level of all operations that 
are performed on machining centers, by respecting the 
other aspects of the technological process besides the 
correlations of cutting parameters. It is very important to 
design the processing mode parameters for each tool 
participating in the execution of an NC program, so that 
the wear intensity is adapted to the projected durability for 
a group of tools participating in making a defined 
assortment of workpieces. This means that it is important 
to bear in mind the duration of certain operations in 
relation to the durability of the tool performing the 
operation.  

The optimization of the technological process entails 
for the maximum rate of time utilization of machining 
centers, washing machine, measuring center, transport 

S1 + S2 + S3 + ...+ Sn = Σ Si = S = N. 
i=1 

n 

TAi = Σ TNCi  + TP ·  Si . 
i=1 

Si 

TSAi = TAi  ·  SAi . 

TSA = TA1· SA1 + TA2· SA2 + TA3· SA3 + ... + TAn· SAn   

TSA =  Σ TAi· SAi . i=1 

n 

TSAR = TSA  ·  1 / e . 

TIP = TP · S = TP · N . 
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system and all preparatory places. Depending on the 
manufacturing task, a higher or lesser degree of FMS 
resource utilization can be realized which is why when 
optimizing the production process in FMS, we must count 
on the available buffers for storing palettes between 
individual technological operations. 

Figure 4: Methodology of FMS engineering technologies 

The optimization of flexible technologies is quite a 
multi-parameter procedure and is done by applying 

software packages integrated with CAM software systems 
that have the possibility of automatic regeneration of the 
NC code. During the first “passage” of NC programming, 
when defining the technological attributes are established 
the logical relations with the knowledge database and 
database of technological data. Optional manufacturing 
attributes that are later automatically loaded as inputs of 
algorithms of the optimization procedure are separately 
saved on the blackboard. The software systems for 
optimizing flexible machining are developed as expert 
systems, neural networks or multi-agent systems, and are 
based on artificial intelligence elements while additionally 
enabling for FMS to belong to a category of intelligent 
technological systems representing the highest level of 
informatics integration of production systems.  

3. PROBLEM OF ENGINEERING AND OPTIMIZING
MANUFACTURE PROCESSES IN FMS

The problem of engineering and optimizing
technologies in FMS is comprised of a large number of 
selection possibilities: 
 The cutting tool system (type, material and geometry

of the blade, dimensions, ...) [5],
 The combination for the assembly of tool sets in the

machining center magazine,
 The gripping modes and assembly of workpieces on

palettes – palette sequences processed on the
machining center and

 The cutting mode (cutting speed, speed of auxiliary
movement, depth of the contact, tool durability...).
The same technological operation can be performed

with different tools (Fig. 5), so that the optimal 
engineering of flexible machining entails for an optimal 
set in the tool magazine that can contain up to 40 tools. 
The optimal set is determined with a goal to change all the 
tools simultaneously while having roughly the same 
intensity of wear, or that their durability is completely 
used in the cutting process.  

For every machining operation is chosen a certain 
cutting tool that can perform a technological operation in a 
different work regime, at a different intensity of wear, 
which directly impacts the productivity, economy of 
production and quality of the processed surface. 

Figure 5: Potential variants of different tools in a 
manufacture center storage kit 
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Every technological operation has defined quality 
features that must be attained during processing, so that 
one and the same tool can perform an operation in a 
different processing mode (Fig. 6), but with a strictly 
defined interval, with the minimal and maximal values of 
cutting speeds and speed of the auxiliary movement for a 
defined contact depth. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 6: Alternative selection of processing mode 
elements 

 
The technology engineer’s task is to determine the 

optimally arranged pair of elements of the processing 
mode (cutting speed and auxiliary movement speed), that 
will be the most adequate selection from the viewpoint of 
a manufacturing requirement. The number of possible 
processing modes for one tool and one machining 
operation is equal to the number of possible combinations 
of speeds of the auxiliary and main movement for an 
operation (Fig. 7).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 7: Possibility of choosing the processing mode for 
one tool and one operation 

 
The engineer in the first passage of forming a program 

sheet chooses the processing mode according to functional 
dependencies, while at the same time the program system 
of the NC postprocessor generator memorizes all the 

potential remaining options of the processing mode that 
could have been selected. These alternative options will be 
used in the optimization procedure.  

The processing plan in FMS [6] entails that the 
optimal order for processing different palettes is defined 
with the assembled and set up workpieces (palette 
sequence), so that we get the maximum efficiency in 
balancing out the duration of technological operations and 
durability of the tools that perform the operations. Each 
machining center in the configuration of FMS has a certain 
number of palette sequences that are planned for 
processing in a given timeframe. As part of its given 
durability, the tool must realize a complete path within one 
or more machining operations. By engineering the 
production processes in FMS we determine the content 
and order of the palette sequences and the content of the 
tool storage for processing each palette sequence. Every 
palette has an NC program processing one or more 
workpieces placed by one grip on the palette. 

Processing a family of parts in FMS can be optimized 
from different aspects [7], like for instance: the shortest 
processing time, lowest processing costs or shortest 
possible time at the lowest possible cost, whereby can be 
established the price or time criteria in an optimization 
algorithm (Fig. 8). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Figre 8: Dependency between processing time, tool 
durability and content of palette sequences 

 
Bearing in mind the fact that the processing time 

depends on the elements of the processing mode that can 
move within a broader value interval, the goal is to 
determine the processing mode that allows for maximum 
tool utilization and minimal processing price within the 
necessary duration of a machining operation (Fig. 9). Also 

B.79



Proceedings of IX International Conference “Heavy Machinery- HM 2017”, Zlatibor, 28 June – 1 July 2017 

Lj. Lukic, S. Ivanovic, A. Petrovic, M. Djapic 

we should take into consideration that as part of FMS is 
integrated a large number of machining centers, where 
each can process any palette sequence and to perform any 
kind of machining operation.  

Figure 9: Time –cost diagram according to FMS time 
criteria 

Via a combination of processing modes it is possible 
to realize the processing time for each palette sequence in 
an interval of minimal and maximum time (tjzmin,  tjzmax), 
and also in an interval of different cost values (Cjzmin, 
Cjzmax). 

Time values (Figure 9) for processing an assortment 
of workpieces with the chosen tool configurations on any 
process center are between the given bordering values: 

While the total time required for processing a given 
assortment of workpieces for a flexible technology system 
is: 

   

where: 
is the total time required for processing a given 
assortment of workpieces for a flexible 
technological system, 
is the processing time of a given number of
palette sequences with the selected tool 
configuration on a j process center. 

Setting the “time” or “price” criteria or a combination 
of both enables the selection of a configuration of tools 
and according to an additional, third criteria – the tool 
wear coefficient in the process center storage. According 
to these criteria the choice should be the tool configuration 
with the largest coefficient for tool storage wear among 

the configurations that are already marked with the 
previous time and price criteria.  

Setting the “time” or “price” criteria or a combination 
of both enables the selection of a configuration of tools 
and according to an additional, third criteria – the tool 
wear coefficient in the process center storage. According 
to these criteria the choice should be the tool configuration 
with the largest coefficient for tool storage wear among 
the configurations that are already marked with the 
previous time and price criteria.  

4. NC PROCESSOR GENERATOR
A certain number of database tables are formed based 

on initial NC programs through the transformation of NC 
program blocks into appropriate data records, by 
transferring program block parameters (G-functions, M-
functions, coordinate values, process mode values, tool 
markings, etc) into the record fields of NC blocks. Then, 
based on the values of those fields are calculated the 
kinematic and technological parameters (tool in rapid 
traverse speed, tool in working path, speed of main and 
auxiliary traverse and tool types) and stored into the 
appropriate fields with the same records. In the following 
step the values of these parameters are added for each 
operation and for every tool participating in one NC 
program [8]. 

A realized postprocessor (Fig. 10) automatically 
generates the content of tool storage of each of the process 
centers in a flexible technological system, based on calling 
a certain tool in the storage in all NC programs being 
executed on that machining center. To each place in the 
storage is assigned one or more tools with which we can 
perform the generated operations. Alternative tools for one 
position differ between them according to the material and 
number of blades, durability and price index, but are of 
equal diameters. The alternative tools from the 
technological database can be selected interactively or 
automatically. For each of the alternative tools are defined 
the bordering values of the processing mode, interactively 
or automatically according to the parameters from the 
machining database [9].  

According to the selection of alternative tools, the 
postprocessor generates combinations of tools and forms 
possible tool kits for the machining center storage. This 
procedure is carried out by presenting the alternative tools 
by implementing strings and string operations. On the 
other hand, according to the borderline values of the 
process mode defined for alternative tool operations, the 
postprocessor generates possible combinations of the 
process mode for individual tools by forming variations of 
the processing mode for tool kits. This procedure is carried 
out by presenting arranged pairs of processing modes via 
strings and operations over those strings. The result is a 
series of possible tool configurations in a machining center 
storage, or a string of possible content of tool storage with 
assigned arranged pairs of processing modes for 
operations in which are used tools from the machining 
center storage. Tool configurations for storages of all 
machining centers, as well as the kinematic and 
technological parameters (path of the tools in rapid and 
traverse speed, tool diameters, tool durability, and tool 
prices), are entered into database tables. 

t       ≤ t   ≤  t       ,  j = 1, 2, ... , n u            z         u 
min        j         max 

t   = max {t  , t   ,   ...  t   , ...   t  } = max (t  )u                    z     z               z            z                     z   
 1≤ j ≤ n 1     2               j             n                     j   

t       ≤ t   ≤  t        
u            z         u 
min        j          max 

t  
u
   

t   
 z 
j  
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The postprocessor for every tool configuration and for 
each workpiece is placed on the palette and calculates the 
total processing time representing a sum of the processing 
time for all operations from one kit. Given the number of 
tool changes and indexing number, all the rapid traverse 
and working rate are calculated, the auxiliary times and the 
total times of execution of the NC program. At the same 
time the index of the price of all tool configurations are 
made according to the price indexes of individual tools in 
those configurations. The process of forming tool 
configurations for machining center storages and 
calculating the processing time and index of the process 
price for workpieces on palettes is performed only once, 
before stating the total series being processed.  

For the given number of workpieces that should be 
processed, the postprocessor calculates the number of 
required tool storage configurations, the time required for 
processing and tool costs. First, for every tool 
configuration is calculated the processing time of one 
palette sequence, and according to tool durability and 
work load time, the number of palette sequences is 
calculated which can be processed with this tool 
configuration. In that way, for a defined number of palette 
sequences for processing, we get the total time for 
processing and the number of tool kits required for one 
machining center. Based on the cutting time, by adding the 
time required for tool change in storage, we get the total 
required processing time for an assortment of workpieces.  

 
 
Based on the number of tool kits and price indices of 

individual tools we get the costs for tools for processing an 
entire workpiece assortment. 

For the goal of optimal tool configurations (tool sets 
and process modes), besides calculating the process time 
and tool costs, the postprocessor calculates the coefficient 
of general wear of tools in storage. When changing the 
tools from the storage of one machining center, the most 
favorable case is when all the tools in that storage are of 
approximate wear intensity. 

Engineering and optimizing technological 
processes can refer to changing the number of machining 
centers in a flexible machining system, changing the 
number of workpieces in series from the workpiece 
assortment, changing the total processing time or changing 
tool costs. The selection of optimal parameters for a 
technological process is performed according to three 
criteria: the time required for processing a given 
assortment of workpieces, the tool price index used for 
processing a given assortment of workpieces and the 
coefficient of tool wear in storage. During selection, one 
of the three criteria represents the basic, while the other 
two - secondary criteria. The selection can be made 
interactively, from a group of tool configurations fulfilling 
the specified technological requirements or automatically, 
by selecting the most favorably evaluated tool 
configuration by the postprocessor for every individual 
machining center. 

Figure 10: Application software modules of an NC program postprocessors generator 
for production technologies 
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The postprocessor automatically updates NC 
programs by entering new values in the records of initially 
formed tables, according to the markings of tools in 
storage, into the fields for process modes, without changes 
to the other fields passed from blocks of the NC program 
(G-functions, M-function, coordinate values, cutting 
speed, auxiliary traverse rate). In the next step, the 
postprocessor, based on the number of program blocks 
performs changes of program words with the values of the 
process mode.  

The process of defining palette sequences, 
calculations of the processing time, calculation of tool 
costs and coefficient of the tool wear configuration, 
selection of optimal parameters of the technological 
process and updating the NC program can be repeated 
unlimitedly, without reformulating the tool configuration 
or determining the processing parameters for machining 
operations. 

5. CONCLUSIONS

The developed NC postprocessor generator model can 
be applied on all types of configurations of flexible 
technological systems with machining centers of same or 
different type, with an equal or different number of places 
in tool storage. Palette sequences for machining centers 
can be different, and the composition of workpieces on 
palettes can be completely random.  

The possibilities of the developed software 
package are limited only in the characteristics of the 
systems for managing the database and system software 
parameters. The optimal number of simultaneously opened 
database tables and index numbers are application-wise, 
only theoretical limitations. These limitations can be 
overcome by distributing the database in a computer 
network, as well as with software solutions for coding 
records in tables. 

The designed and realized postprocesor generator of 
an NC program has been tested on multiple practical 
examples from production practice. It can be applied in 
production systems that are not by definition flexible 
machining systems, but are configured from machine tools 
with CNC control. 
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Cost of the assembly (assembly systems) of metal products manufacturing industry significantly affect the total cost 
of production and therefore their profits. That is one of the reasons why it is necessary to perform improvement and in 
some cases re-engineering of the assembly process. One of design theory that allows the management of this process and 
decision-making in it is axiomatic design theory (ADT). ADT provides a theoretical basis for logical and rational thinking 
process and decision-making in the process of improving existing and creating new manufacturing assembly systems. 

Significantly improved ability of designers is achieved if the results of the application of the ADT present as 
evidence networks that is developed on the base of Dempster-Shafer theory of belief functions. In the continuation of this 
the paper describes using of ADT in the development and improvement of the assembly system of hand pumps product and 
their modeling by belief functions of Dempster-Shafer theory. 

Keywords: Axiomatic design theory (ADT), Dempster-Shafer theory of belief functions.
1. INTRODUCTION

Product and processes (manufacturing technology) 
designing and the production, experienced a strong 
development, especially in the field of application of new 
technologies. Only in sector of assembly using of new 
technology has not yet taken adequate place. The main 
reasons for rationalization of the assembly sector of are: 
• Large assembly time and thus cost,
• Large expenditure of human labor in all activities

related to assembling, 
• A relatively large number of activities that are not

directly related to the assembling,
Potential areas where it is possible rationalization 

of assembly are: 
• Design products, which must be oriented to the

assembly,
• Automation operations and sequences of assembly,
• Organization of information flow,
• Structuring and physical appearance (layout) of the

assembling systems.
Based on the analysis conducted in the assembly 

sector of 355 German companies from the manufacturing 
industry points out the fact that the main potential for 
assembly improvement lies in the rationalization of 
product design, which have to be oriented to the assembly, 
and automation of the assembly operations [1]. 

Continue to previously in this paper is presented 
the idea and initial results relating to the application of 
new theories (ADT and Dempster-Shafer theory of belief 
functions) to boost of improvement of the real assembly 
system from the Serbian industrial environments. 

2. THE AXIOMATIC DESIGN THEORY (ADT)
Axiomatic design theory (ADT) is defined by 

Professor Nam P. Suh, who worked at the Massachusetts 
Institute of Technology (MIT) [2]. Suh started from the 
assumption that there is a set of fundamental principles 
that define a good business practice in the design of 

*Corresponding author: Radoja Krstića 19, 37240 Trstenik, Serbia

products, processes, systems, software and organizational 
structures. 

The goal of ADT is to establish a scientific basis 
for the designing process and to improve the activity of the 
designer by offering: 
• Theoretical basis for a logical and rational thinking

process and making decisions and
• Tools that allow it.

  Key concepts that make up this theory are: 
• Domain,
• Hierarchy of design,
• "Zig-Zag" mapping and
• Two axioms of design.

In the domains are grouped design process tasks. 
It is possible in the ADT to identify four groups of 
domains: 
• Domain customer requirements (CNs),
• Domain functional requirements (FRs),
• Domain design parameters (DPs) i
• Domain process variables (PVs).

The design process proceeds through solving 
respective tasks on the one domain and the move from one 
domain to another. 

The ADT design process begins at the initial level 
of abstraction (starting hierarchical level) by the defined 
functional requirements and then try to find appropriate 
design solution (design parameters) which fulfill the 
functional requirement in the design parameters domains. 
After that moves on to solving problems on the first lower 
hierarchical level, thus achieving the decomposition of the 
design concept and the transition from abstract to detailed 
design solution.  

Decomposing is defined as the process of 
defining a set of subordinate functional requirements (sub-
FRs) for a given pair of superior functional requirements 
(FRs), design parameters (DPs), as well as all other 
activities that are necessary to move from higher to first 
lower hierarchical level. 
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 Creating a hierarchical structure is realized by 
switching from one domain to another and from one 
hierarchical level to the next one lower. This process is 
called zig-zag mapping (Figure 1). It is performed by 
clearly established rules to the level of detail of the design 
solution which is sufficient to physically implementation. 
 For each design solution it is possible to define 
the design equation: 

[ ]

x,1 x,1

x,n x,n

FR DP
. .
. A x .
. .
FR DP

   
   
      = ⋅   
   
   
      

         (1) 

 [ ]Ax - design matrix which connects the 
functional requirements and design parameters.  
 Suh also defined two design axioms that are the 
basis for decision making: 
• Is it a design solution is good or not and 
• To select the best design solution from a set of 

satisfactory solutions.  
  On the basis of the first axiom acceptable design 
solution is one in which the mapping between functional 
requirements (FRs) and design parameters (DPs) such that 
the functional requirements (FR) is satisfied with a single 
design parameter (DP) without affecting other functional 
requirements. 
  
 

LEFT DOMAIN 

Represents "what" expressed through 
th  FR  

RIGHT DOMAIN 

Represents "as" expressed through DPs 

FR1 FR1 

FR11 FR12 FR21 FR22 FR23 

DP1 DP2 

DP11 DP12 

ZIG 
1. Conceptualization 
2. Mappings  FR = [DM] DP 
3. Check satisfying the first axiom 

ZAG 
Defining FRs at the next lower level 

ZIG 

ZAG 

 
Figure 1: Zig-zag mapping 

 

3. THEORY OF BELIEF FUNCTIONS 

3.1. The basic concepts of Belief functions  
Model of the belief function consists of variables, 

their values and the evidence, which supports the value of 
variables. Variables represent specific questions regarding 
the aspect of the problem under consideration. Given 
questions are answered using data originating from various 
sources, i.e., from context of published papers, from 
measurement data, from expert opinions, etc. Fully 
integrated support to the sought answer is called evidence. 

Evidence can be represented by belief functions, 
which are defined as follows: 
Definition1 [5, 1]. Let Θ be a finite nonempty set called 
the frame of discernment, or simply the frame. Mapping 
Bel: 2Θ→[0,1] is called the (unnormalized) belief function 

if and only if a basic belief assignment (bba) m: 2Θ→[0,1] 
exists, such that: 

 ∑
Θ⊂

=
A

Am 1)(  (2) 

 
∑

∅≠⊂
=

BAB
BmABel

,
)()(

 
(3) 

 0)( =∅Bel  (4) 
Expression m(A) can be viewed as the measure of 

belief which corresponds to subset A and takes values 
from this set. 

Condition (2) means that one's entire belief, 
supported by evidence, can take the maximum value 1, 
and condition (4) refers to the fact that one's belief, 
corresponding to an empty set, must be equal to 0. 

Value Bel(A) represents the overall belief 
corresponding to the set A and all of its subsets.Each 
subset A such that m(A)>0 is called a focal element. 

The empty belief function is the function which 
satisfies m(Θ)=1, and m(A)=0 for all subsets of A≠Θ. This 
function represents total ignorance about the problem 
under consideration. 

3.2. Dempster rule of combining belief functions 
Let the several independent belief function be 

given on the same recognition frame but with different 
bodies of evidence. The Dempster's combination rule 
(Figure 2) (Equ. 5, 6) produces new belief function which 
represents effect resulting from the connection of the 
different bodies of evidence. 

Let us assume that the belief functions Bel1  and 
Bel2  are created on Θ frame. Let A1,...,Ak, k<2|Θ| be the 
focal elements of  function Bel1 with corresponding m – 
values m1(Ai) for i=1,...,k; and let B1,...,Bj, j<2|Θ| be focal 
elements of function Bel2 with corresponding m-values 
m2(Bi) for i=1,...,j [5] 
Combination of these two functions is denoted as Bel1⊕
Bel2 and its focal elements are C1,...,Cm with 
corresponding m-values m3(Ck) for k=1,...,m, created in 
the following way: 

 
















= ∑

=∩ kji CBA
ji

jik BmAmKCm
,

213 )()()(  (5) 

where K represents a normalization factor  

 

1

,
21 )()(1

−

∅=∩ 














−= ∑

ji BA
ji

ji BmAmK  (6) 

The normalization factor K is greater than 1 
whenever Bel1 and Bel2 contain a part of mass of some 
belief that correspond to the subjective probability for the 
decoupled (contradictory) subsets of Θ. In fact, K 
represents the conflict measure of the two belief functions. 
Whenever two or more functions are combined, the 
combination rule is associative and commutative. In 
general, Bel⊕Bel=Bel. Combination of a certain number of 
belief functions Bel1⊕⋅⋅⋅⊕Beln is denoted as ⊕⊕{Bel1,⋅⋅⋅
,Beln}. 
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Θ 

q 1 

Θ 

q 2 

Θ 

q 2 
q 

1 

DEMPSTER’S 
RULE 

s  (b  ,  Θ   ) 1 1 1 

b (q  ) = m  1 1 1 

s  ( b  ,  Θ   ) 2 2 2 

b (q  ) = m  2 2 2 

c ( b,  Θ  ) 

FIRST KNOWLEDGE 
SOURCE 

SECOND KNOWLEDGE 
SOURCE 

PRECONSENSUS 

POSTCONSENSUS 

Bel1 Bel2 

Bel = Bel1⊕Bel2 

Figure 2. Graphics illustration using Dempsters rule of 
belief function combining [1] 

3.3. What are the evidential systems 
Valuation Based Systems - VBS is an abstract 

framework proposed by Shenoy for representing and 
reasoning on the basis of uncertainty. It allows 
representation of uncertain knowledge in various domains, 
including Bayes’ probability theory, Dempster-Shafer’s 
theory of evidence which is based on belief functions and 
Zadeh-Dubais-Prad theory of possibility. Graphically 
presented VBS is called valuation network [6]. 

Figure 3. The concept of evidential networks 

VBS consists of set of variables and set of 
valuations that are defined on the subsets of these 
variables. Set of all variables is denoted by U and 
represents a space covered with problem which is under 
consideration. Each variable represents a relevant aspect of 
a problem. For each variable Xi will be used ΘXi to denote 
the set of possible values of variables called the frame of 
Xi. For a subset A (|A|>1) of U, set of valuations that are 
defined over ΘA represents the relationship between 
variables in A. Frame ΘA is a direct (Cartesian) product of 
all ΘXi for Xi in A. The elements ΘA are called 
configurations of A. 

Knowledge presented in this type of valuations is 
called generic or general knowledge (figure 3), which can 
be represented as a knowledge base in expert systems. 

The VBS also defines valuations on individual 
variables, which represents so-called factual knowledge, 
and it constitutes database in expert systems (figure 3). For 
a problem, general-generic knowledge defines an expert. 

During reasoning process that knowledge won’t be 
modified. Factual knowledge will vary in accordance with 
condition of a problem currently being under 
consideration. The VBS treats on the same way these two 
kinds of knowledge. 

The VBS systems suited for processing uncertain 
knowledge described by functions of belief function 
theory are called Evidential Reasoning Systems or 
Evidential Systems, and valuation networks are now called 
evidential networks (EN) (figure 3).  

The objective of reasoning based on the evidence 
is an assessment of a hypothesis, in case when the actual 
evidence are given (the facts). This can be accomplished 
by evaluating valuation networks in two steps: 

• Combining all belief functions in evidential network,
resulting in a so-called global belief function

• Marginalization of global belief functions in the
framework of each individual variable or subsets of
variables produces marginalized values for each
variable or subset of variables.

Easily way of understanding the reasoning 
process and its graphical interpretation is the condition on 
which depends whether and how fast these systems will be 
applied in solving everyday problems. As a software 
support to the VBS systems application, several software 
tools have been developed. For evidential systems the very 
known are:  

• McEvidence,
• Pulcinella and
• DELIEF.

4. APPLICATION ADT-A AND DEMPSTER-SHAFER
THEORY IN THE IMPROVEMEN MANUFACTURING

ASSEMBLY SYSTEMS 

The application of the axiomatic design is 
presented in the manufacturing assembly system 
improvement of the hand pumps to lift the cabs of the 
Kamaz truck. It is a product of PPT from Trstenik, and it is 
produced a series of 4 to 5 thousand units of product per 
month which makes it a product with the highest monthly 
series in the company.  

, 
Figure 4. The technological assembly system 
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Figure 4. Assembly drawing of the hand pumps 

  The process of assembly is restricted from 
construction, technological, production and quality reasons 
[3]. In the improvement of manufacturing assembling 
systems have to be considered: plan of the assembly 
process, the possibility of applying robotic applications, 
the choice of the transportation system and attention have 
to be focused also on the economic aspect of automation 
of assembling processes. 
  Basic functional requirement on the beginning of 
hand pumps assembly system improvement is maximize 
long-term return on investment, which is realized through 
the design parameter: redesign the hand pumps assembly 

line. 
  Processes of assembly line improvement continue 
in according with ADT principles creating design structure 
from abstraction to more detail structure creating system 
architecture. 
 
4.1. Presentation of system architecture 
 The system architecture is a tool for decision 
making and design process documentation in the 
axiomatic design. It includes requirements, components 
and their relationships. Under the requirements is 
presented functional requirements (FRs) and constraints 
(Cs), with the components presents design parameters 
(DPs) and under mutual relations involve the design 
matrix (DMs) and design hierarchy. This information may 
be presented in different ways, using: the design tree 
hierarchy, design matrix, design flow diagrams and 
structural diagrams of connecting modules [2]. 
 Functional requirements and design parameters 
for hand pumps assembly system improvement are shown 
in table 1 and 2 and the design hierarchy for the second 
level of the developed structure in Figure 5. 
 The system architecture can be presented by the 
belief functions on the base it is possible to create 
appropriate evidence network which can be used as a tool 
for decision making in the process of assembly system 
improvements.  

Table 1. Functional requirements 
 Functional requirements 

FR Maximize long-term return on investment 

FR1 Minimized hand pumps assembly costs 

FR2 
Minimized investment in hand pumps 
assembly line 

FR11 
Decreasing idle time of the hand pumps 
assembly line  

FR12 
Elimination of defective production of hand 
pumps  

FR13 
Facilitating value stream flow on the hand 
pumps assembly  

FR14 
Diminishing Work-in progress on the hand 
pumps assembly  

Table 2. The design parameters 
 Design parameters 

DP Redesign the hand pumps assembly line 

DP1 Eliminating all types of wastes 

DP2 Investment based on long – term strategy  

DP11 
Eliminating incidental stops on the hand 
pumps assembly 

DP12 
Enhancing the quality of assembly of hand 
pumps 

DP13 
Eliminating non-value adding operations on 
the hand pumps assembly 

DP14 Create hand pumps assembly pull system 
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In the case of the hand pumps assembly process the set of 
variables for the first hierarchical level is: 

{ }1 2 1 2FR, FR , FR , DP, DP , DP=U  (7) 

DP1 
Eliminating all 
kinds of waste 

FR1 
Minimizing production 

costs 

DP14 
Create a pull 

system 

DP11 
Eliminating 
incidental 

stops 

DP12 
Enhancing the 

quality of 
assembly 

DP13 
Eliminating non-

value adding 
operations 

FR11 
Decreasing idle time 
of the assembly line. 

FR12 
Elimination of 

defective production 

FR14  
Diminish Work-in 

progress 

FR13 
Facilitating 

flow 

Figure 5. Second Level of the Developed Structure 
(Adapted on the base of [7]) 

For the second level of the development structure 
corresponding design equation is presented on the 
Equation 8 and same equation presented through belief 
functions (Equ. 9): 
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All belief function from above design equation has 
corresponding frame of possible values or frame of 
discernment ΘXi. 
For example FR11 can take values 

)}(),(),{(11 HDIMDISDIFR =Θ  (10) 

Where are:  SDI – Small Decrease Idle time, 
MDI – Moderate Decrease Idle time, 
HDI – High Decrease Idle time 

DP11: 
)}(),(),{(11 HEIMEISEIDP =Θ  (11) 

Where are: SEI – Small Eliminate Incidental stop, 
MEI – Moderate Eliminate Incidental stop, 
HEI – High Eliminate Incidental stop. 

Belief functions elements of design matrix Aij 
represent joint variables and its frame is defined as a direct 
product of the frames of individual variables which form 
it. For example the frame of A11variable (

11AΘ ) is formed 
as direct product of the frames of variables FR11xDP11. 
The frame of this joint variable is: 

111111 DPFRA Θ×Θ=Θ (12) 
















=Θ

),(),(),(
),(),(),(
),(),(),(

11

HEIHDIMEIHDISEIHDI
HEIMDIMEIMDISEIMDI
HEISDIMEISDISEISDI

A (13) 

On this way is possible to define the frames for 
all other joint and ordinary belief function from the 
Equation 9. 

Now on the base of our knowledge about the 
variables we can recognized some of its frame subsets and 
allocate on it portion of our belief. Through this process 
we create belief functions but strictly taking rules given in 
the equations 2, 3 and 4. As an example of the above 
described process is presented creation of belief function 
Bel(A11) which is recognized on the subsets 11AΘ : 

Bel(A11): (14) 

{ } 6.0),(),(),( =HEIHDIMEIMDISEISDIm (15) 

{ } 3.0),(),( =HEIMDIMEISDIm (16) 

{ } 1.011 =ΘAm (17) 
On this way we construct all other belief 

functions from the equation 9. Thus defined design 
equation can be presented as an evidence network, which 
can be used for the analysis and selection of appropriate 
design parameters of the hand pumps assembly system 
which will be the subject of our further research work. 

5. CONCLUSION
This paper presents an example of the hand 

pumps assembly system improvement by the using 
axiomatic design theory and Dempster-Shafer theory of 
belief functions. Axiomatic design theory allows designers 
additional options in the management of the design 
process using axioms, theorems and consequences of 
design theorems. 

In the paper is presented a way how to the 
functional requirements, design parameters and their 
relationship presented in the form of a design equation 
described by the appropriate belief functions of Dempster-
Shafer theory. In this way it is possible that a system 
architecture that is generated during the design process 
using ADT can be presented as an evidential network 
which will present a continuation of this research work. 
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The modern business of each organization relies on information. However, there are often inaccurate and 
unspecified information and there is a need to find a way to present such information. For this purpose, the theory of the 
functions of conviction can be used to express the uncertain decisions of the experts and to help with the decision making 
process. Dempster-Shafer's theory of the function of conviction allows a mathematical representation of subjective 
uncertainty, and rely on the ability to define ignorance. The paper presents the FTA analysis of the hydraulic hand pump 
for tilting the cab on motor vehicles, and then applied the Dempster-Shafer theory of the confidence function tofor failure 
analysis. 

Keywords: Dempster-Shafer Theory, evidence, uncertainty, Fault Tree Analysis, hydraulic hand pump 

1. INTRODUCTION
During the lifetime of the product errors may occur 

at any stage of formation and use of the product. Faults 
that occur during use of the product can have a very 
negative impact on the company's market position and 
initiate the finally effect: withdrawal from the market 
much earlier then funds invested in the development are 
returned and cause  loss of customer trust in products, 
what can have disastrous consequences for the company. 

One of the basic and most commonly used method 
for analysis of safety and reliability of the technical 
systems is the Fault Tree Analysis . Reliability is a 
characteristic of the system to operate without failure 
under certain conditions, in a certain period of 
time. Reliability theory deals with the study of the 
cancellation of technical systems and their constituent 
elements. 

Real situations are full of imperfect information, 
which usually occur in the form of imprecision and 
uncertainty. Systems for representing and reasoning, based 
on uncertainty are evidence systems, and their graphical 
presentations are called evidential network [1]. 

Making conclusions (reasoning) about certain 
situation from the real world often takes place in difficult 
circumstances with insufficient knowledge and have not 
clearly defined criteria. Uncertainty is when there is not 
enough information about the status of an event, or when 
there is no assurance that such information is correct. A 
choice between the possible options then must makebe 
taken. The only one completely developed way of 
presenting imperfect information is probability 
theory. Because of its limitations other methods for 
presenting this information are developed recently. For 
uncertainty is introduced theory of belief functions [1]. 

Dempster-Shafer theory was developed by Arthur 
P. Dempster, in the middle of the 1960s, and about ten
years later, this work was extended by Glenn Shafer, as a
“Mathematical Theory of Evidence”. He rebuilt the
mathematical theory around Dempster concept and
introduced degrees of belief instead of lower probabilities
[2, 3].

In a finite discrete space, Dempster-Shafer theory 
can be interpreted as a generalization of probability theory 
where probabilities are assigned to sets as opposed to 
mutually exclusive singletons. In traditional probability 
theory, evidence is associated with only one possible 
event. In Dempster-Shafer theory, evidence can be 
associated with multiple possible events, e.g., sets of 
events [4]. 

2. THEORY OF BELIEF FUNCTION

2.1. The basic concepts of belief functions 
Information about evidence can come from 

different resources: based on a person’s experience, from 
signals recorded by appropriate sensors, from the contents 
of published papers and so on. Such evidence is rarely 
clearly delimited; it is often incomplete, subjective and full 
of flaws. Dempster-Shafer belief function theory provides 
powerful tools for mathematical presentation of the 
subjective (opposite of what probability theory is based 
on) uncertainty while it relies mainly on the possibility of 
explicit definition of ignorance [1, 8]. 

The reliability-oriented approach to Dempster-
Shafer theory, as presented here, is based on a scenario 
that contains the system with all its hypotheses in a frame 
of discernment, the pieces of evidence and the data 
sources. 

The hypotheses represent all the possible states 
(e.g. faults) of the system considered. It is required that all 
hypotheses are elements (singletons) of the frame of 
discernment. 

Frame of discernment is given by the finite 
universal set Ω. The set of all subsets of Ω is its power set 

. A subset of those  sets may consist of a single 
hypothesis or of a conjunction of hypotheses. Moreover, it 
is required that all hypotheses are unique, not overlapping 
and mutually exclusive. 

If the frame of discernment is represented by the set 
Ω with: 

{ }NAAA ,...,, 21=Ω    (1) 
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then Ω is a finite non-empty set of mutually N 
exhaustive and exclusive hypotheses related to a problem 
domain. 

The corresponding power set of Ω  is: 
{ } { } { } { } { }{ }Ω∪∪=Ω ,...,,,,...,,,2 312121 AAAAAAA Nφ     (2) 

The set Ω has probability 1, the set  has 
probability 0, and probability of all other elements is 
between 0 and 1. 

In this context pieces of evidence are symptoms or 
events (e.g. failures) that occurred or may occur within a 
system. One piece of evidence is related to a single 
hypothesis or a set of hypotheses; however, different 
pieces of evidence may not be assigned to the same 
hypothesis or set of hypotheses by the same data source. 

The qualitative relation between a piece of 
evidence and a hypothesis corresponds to a cause-
consequence chain: A piece of evidence implies a 
hypothesis or a set of hypotheses. The strength of an 
evidence-hypothesis assignment, and thereby the strength 
of this implication, is quantified by a statement of a data 
source. 

Data sources are persons, organizations, or any 
other entities that provide information for a scenario. In 
safety and reliability engineering, data sources are usually 
the results of empirical studies or they are experts, who 
give subjective quantifiable statements. 

From an objective point of view, exactly one single 
hypothesis is true; from a subjective point of data source 
view, it might be uncertain which hypothesis fits best to 
reality. The Dempster-Shafer theory describes the 
subjective viewpoint as an assessment for an unknown 
objective fact. 

Evidence can be represented by belief functions. 
There are three important functions in Dempster-Shafer 
theory: basic belief assignment – bba or m, Belief - Bel 
and Plausibility – Pl. 

Basic belief assignment is the key point of 
Dempster-Shafer evidence theory. Using a data source,  
mapping: 

[ ]1,02: →Ωm                    (3) 

assigns an evidential weight to a set A ⊆Ω, which 
contains a single hypothesis or a set of hypotheses. 

The function m is called a basic assignment and 
fulfils: 

∑
Ω⊆

=
A

Am 1)(                    (4) 

0)( =φm                (5) 
Expression m(A) can be viewed as the 

measurement of belief which corresponds to subset A and 
takes values from this set. 

The first condition means that one's entire belief, 
supported by evidence, can take the maximum value 1, 
and the second condition refers to the fact that one's belief, 
corresponding to an empty set, must be equal to 0. 

Each A that holds m(A) > 0 is called a focal 
element. 

Applying the basic assignment function, several 
evidential functions can be created. A belief measure is 
given by the function bel: 2Ω → [0, 1]. There is 

∑
≠⊆

=
φBAB

BmABel
,

)()(                          (6) 

Value Bel(A) represents the overall belief 
corresponding to the set A and all of its subsets. 

The empty belief function is the function which 
satisfies m(Ω)=1 and m(A)=0 for all subsets of A≠Ω. This 
function represents total ignorance about the problem 
under consideration. 

0)( =φBel                (7) 
There is a clear distinction between probabilities 

and basic belief assignments: probability distribution 
functions are defined on set Ω and basic assignment 
functions on the power set . Probability gives 
information about support of hypothesis and 
simultaneously gives information about the negation 
(compliment) also. However, in Dempster-Shafer theory, 
the „uncertainty‟ or „not knowing‟ is also modelled.  

The figure below shows the difference between the 
two concepts of Probability versus of the Dempster-Shafer 
concept. 

 
Figure 1: The difference between  two concepts 

For basic assignment for belief upper and lower 
limits of the interval can be defined. These limits are 
called Belief (lower) and Plausibility (upper). 

The counterpart of bel is the plausibility measure 
pl: 2Ω → [0, 1] with: 

∑
≠∩

=
φAB

BmAPl )()(                         (8) 

0)( =φPl                (9) 
In fact, Bel (A) shows necessary (minimal) support 

for A and could be interpreted as a global measure of a 
belief that hypothesis A is true. Belief of A can be defined 
as sum of all the belief masses allocated to hypothesis B. 
But, Pl (A) gives potential (maximal) support for A and is 
sum of the parts of belief which are allocated to hypothesis 
B and compatible with A. 

Figure 2 shows a graphical representation of the 
above-defined measures belief and plausibility. The 
difference pl (A) – bel (A) describes the evidential interval 
range, which represents the uncertainty concerning the set 
A and it is shaded grey. The measure pl (A) shall not be 
understood as the complement of bel (A). Only: 

based on 
Evidence 

supporting 

based on 
Evidence 
against 

Probability 

Belief 

Plausibility 

Uncertainty 
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)()(0)( APlABelAmA ≤→≠〉Ω⊆ φ           (10) 

 
Figure 2: Measures of belief and plausibility and its 

complements for a given bel(A) < pl(A) [2, 3] 

The complements to the measures belief and 
plausibility are doubt and disbelief, respectively. The 
difference pl (A) − bel (A) describes the uncertainty 
concerning the hypothesis A represented by the evidential 
interval [Bel (A), Pl (A)]. The greater difference between 
belief and plausibility, the greater uncertainty (or 
ignorance). 

2.2. Dempster-Shafer rule of combination 
When the function of the basic belief obtained from 

a variety of independent sources, may arise a need for a 
combination. Dempster suggested a rule of combination 
which allows that the basic assignments are combined. For 
data fusion, multiple sources of information is combined 
to give us „better‟ judgment of situation. 

Let the several independent belief functions be 
given on the same recognition frame but with different 
bodies of evidence. The Dempster's combination rule 
produces new belief function which represents effect 
resulting from the connection of the different bodies of 
evidence. 

Let us assume that there are two sources of 
information and let 1m  and 2m  are basic belief assignment 
function. Evidence can be combined by calculating 
orthogonal sum using Dempster's rule of combination, in 
which evidence A and evidence B are used for calculating 
a new belief function for a focal element C as: 

( ) 



 ⋅=⊕= ∑

=∩ CBA

BmAmKCmmCm )()()()( 21212,1    (11) 

with Ω⊆CBA ,, , and K represents a 
normalization factor: 

1

21 )()(1
−

≠∩








⋅−= ∑

φBA

BmAmK                     (12) 

The normalization factor K represents the conflict 
measure of the two belief functions. With increasing K, 
the sources have more conflict and their combinations 
become less relevant. 

It is assumed, also: 
0)(2,1 =φm                 (13) 

3. FAULT TREE ANALYSIS 
Fault tree analysis is usually applied in the design 

phase of products and used to predict the most likely 
causes of product failure. Unwanted effects of the FTA 
(Fault Tree Analysis) called peak events. The aim of 

constructing fault tree is modelling the conditions that 
result in the emergence of peak, unwanted cancellation. 

Analysis begins with the qualitative definition of an 
unwanted event, and then to find failures of elements of 
the system and the procedural errors that may lead to an 
unwanted event. 

A fault tree graphically shows the relationship 
between the specific event and the order of these events 
could cause an unwanted peak previously characterized in 
the event. Fault tree has an unwanted event in the top part 
of the diagram, a sequence of events that can cause this 
event, make the branches of the tree. Roads cancellation 
relating to the sequence of events that lead to unwanted 
events. Analyst establish any logical sequence of events, 
proving the origin through the chain case and recording 
the events that caused the event is already on the diagram. 
All sequences are starting with unwanted peak event. 

Methodology of Fault Tree Analysis includes [16]: 
• determination of peak events, 
• the way of operation of a system to be 

analysed,  
• the structure of the fault tree,  
• adoption of the fault tree,  
• assessment of fault tree and  
• provision of recommendations and 

alternatives for making decisions on the 
necessary corrective measures.. 

Analysed system - hydraulic hand pump series 40-
506.900 is pump for tilting the cab of the vehicle from 
production program of PPT Hydraulics AD. 

Hydraulic pump for tilting the cab on vehicles 
series 40-506.900 is a hand pump a piston type, with high 
pressure and small dimensions. It guarantees functional 
lifting and lowering the cabin. It is designed to work in the 
hydraulic system with one-way or two-way cylinder. Clips 
in the pump are completely protected from the effects of 
dirt and weather conditions. They have a built-in filter to 
protect sensitive throttle opening and valve from dirt. This 
ensures high reliability in operation. Pump parts are made 
of high quality materials with appropriate heat treatment 
and galvanic protection. They are manufactured in serial 
production with the examination of all pumps after 
assembling. They are installed on trucks KAMAZ - 
Russia's largest manufacturer of commercial vehicles. 

 
Figure 3: Hydraulic hand pump series 40-506.900 [13] 

The principle of operation of this pump is as 
follows [14]: 

 Rotating the distribution shaft by the lever, is 
achieved communication for suppression the working fluid 
in line A or line B. 

Uncertainty 

Belief 

Plausibility 

Doubt 

Disbelief 
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Alternating axial movement is achieved using the  

movement of the lever of the piston, and provides the 
suction or the suppression of the working fluid. 

Lifting the lever in the above part provides the  
piston raising, thereby creating an empty space below the 
piston, due to which the pellet raises the intake valve and 
the working fluid from the chamber of the tank via the 
suction sieve filled chamber below the piston. 

Moving the lever to the down and the piston moves 
downward and pushes the working fluid through the 
discharge valve into the chamber A. During this time the 
working fluid out of the chamber B, through the 
distribution shaft and a damper non-return valve, is 
returned to the tank. 

The mode of operation of the hand pump is shown 
in the following figure. 

 
Figure 4: Section-mode of operation of the hand pump 

[13] 
Hand pump for lifting and lowering the cabin 

should be installed in the vehicle at the access site. It needs 
to handle and lever is easily accessible and to facilitate 
their installation in positions that allow the raising and 
lowering of the vehicle cab.  

Constructional structure of the hand pumps 40-
506900-K1 consists of five sub-assemblies: 

• plate 40-506.902, 
• body 40-506.905, 
• meter 40-506.920, 
• piston 40-506.924 and 
• vent 40-510.530. 

The functions of these subassemblies in the device 
are as follows [15]: 

• plate 40-506.902– guarantees transmission 
of torque from the crank to the working 
piston, 

• body 40-506.905 – accepts seal between 
the body and the reservoir within the 
function without leaks 

• meter 40-506.920 – to check the oil level 
in the tank for proper operation of the 
device 

• piston 40-506.924 – to convert mechanical 
force into hydraulic and 

• vent 40-510.530 – allows air flow into and 
out of the tank. 

3.1. Fault tree of the hydraulic hand pump 
Possible malfunctions that may occur during the 

usage of the hydraulic pump 40-506.900-K1 are: 
• no lifting cab, 
• raising of the cabin is insufficient and  
• external leakage. 

A fault tree graphically shows the relationship 
between the specific event and the order of these events 
could cause an unwanted peak previously characterized in 
the event. In this case, with the hydraulic hand pump, an 
unwanted peak event is the malfunction of the pump. Then 
entries possible faults, like the branches of a tree. 

Fault tree of the hydraulic hand pump 40-506.900-
K1 is shown in the figure 5. 

 
Figure 5: Fault tree of the pump 40-506.900-K1 

4. APPLICATION OF DEMPSTER-SHAFER 
THEORY IN FTA 

In this paper, Dempster-Shafer theory was applied 
in the analysis of the fault tree of the hydraulic hand 
pump. It was assumed that there was two sources of data 
and the entire process is presented in several 
steps. Dempster-Shafer approach is used to support 
decision making. 

Step 1: 
The scenario consists of a hydraulic pump (the 

system considered), two operators (data sources, denoted 
by the index l), the failures detected (pieces of evidence), 
and the system fault states (set of hypotheses). As 
described above, the pieces of evidence correspond to 
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failures or causes and the hypotheses to faults or 
consequences.  

The faults can be determined to at most three 
precisely defined hypotheses, represented by the set Ω 
with: 

{ }321 ,, hhh=Ω                (14) 
( )1h -no lifting cab, ( )2h -cab lifting insufficient and 

( )3h -external leakage. 
With that, the frame of discernment of this context 

is given. It should be noted that Ω is postulated by the 
operators based on their subjective points of view, 
assuming that Ω is complete. The corresponding power set 
of Ω is: 

{ } { } { } { } { } { }{ }Ω=Ω ,,,,,,,,,,2 323121321 hhhhhhhhhφ  (15) 
The faults can be caused by five possible failures: 

defective propellant valve ( )1ev , a lack of fluids in the 
reservoir ( )2ev , worn or damaged rings ( )3ev , sieves ( )4ev  
and dirt worn or damaged seals ( )5ev . 

The first operator states that the failure ( )1ev  
occurred and might have resulted in the consequence ( )1h ,  
failure ( )2ev  occurred and might have resulted in the 
consequence ( )2h ,  the failure ( )3ev   occurred and might 
have resulted in the consequence ( )3h , the failure ( )4ev   
occurred and might have resulted in the consequence ( )1h  
or ( )2h , and the failure ( )5ev  occurred and might have 
resulted in the consequence ( )1h  or ( )3h . 

The first operator states that the faults h1 or h2 are 
the main consequences for the problems. The assignments 
of the second operator are slightly different. Here, focus is 
on the faults h1 or h2. Both operators give their statements 
to the five pieces of evidence found. The complete survey 
of the qualitative failure-fault(s) assignments is given in 
Table 1. 

 
Table 1: Qualitative failure-fault(s) assignments 
 Failure Fault(s) 

Operator 1st 
1ev  1h  

 
2ev  2h  

 
3ev  3h  

 
4ev  21 , hh  

 
5ev  31 , hh  

Operator 2nd 
1ev  1h  

 
2ev  2h  

 
3ev  32 , hh  

 
4ev  21 , hh  

 
5ev  321 ,, hhh  

Note that contrary to the Fault Tree Analysis 
(FTA), Dempster-Shafer theory does not allow that more 
than one failure lead to the same fault (hypothesis). 
However, different failures may have different set of 
consequences, which may contain the same hypotheses as 
elements, e.g. ev1, ev3, and ev4 lead to hypotheses, which 
all contain h1 as a fault. Again, Dempster-Shafer theory 
allows modelling several 

• single-failure-single-fault relations and 

• single-failure-multi-fault relations 
as an uncertain assessment of a system, which can 

take exactly one state at a time. 
Exactly one hypothesis of {h1, h2, h3} is true for 

the given scenario and situation if the system would be 
observed from an objective point of view. Subjectively, 
the operators are not sure, in which state the system 
actually is. 

Step 2: 
At this step, both operators quantify their 

statements as given in Table 2. The set of hypotheses A is 
assigned to the first operator, B to the second operator. 

The subjective quantifications of the operators are 
based on their system experiences and mostly on their 
“engineering feelings”. Certainly, these quantifications are 
imprecise. Non-specified statements are assigned by 0 and 
are not focal elements. 

Table 2: Quantitative statements given by the operators 
involved 

1st operator Ω2  2nd operator 
2.0)( 1 =Am  { }1h  2.0)( 1 =Bm  

1.0)( 2 =Am  { }2h  1.0)( 2 =Bm  

3.0)( 3 =Am  { }3h  0)( 3 =Bm  

1.0)( 4 =Am  { }21 hh ∪  2.0)( 4 =Bm  

3.0)( 5 =Am  { }31 hh ∪  0)( 5 =Bm  

0)( 6 =Am  { }31 hh ∪  1.0)( 6 =Bm  

0)( 7 =Am  { }321 hhh ∪∪  4.0)( 7 =Bm  
 

Based on the basic assignments, given by the 
operators, the belief and doubt, plausibility and disbelief 
measures can be calculated. The belief of hypotheses is the 
sum of its own basic assignment with those of all of its 
subsets. The plausibility includes basic assignments of all 
statements which have got at least one hypothesis with 
those of the discussed statement in common. 

For example, the belief in the set of hypotheses {h1 
∪ h2} is the sum of its own basic assignment with those 
of all of its subsets: 

{ } { } { } { }212121 ,, hhhhhh ∪⊆∪              (16) 
and 

4.0)()()()( 4214 =++= AmAmAmAbel     (17) 
with the corresponding doubt measure: 

6.04.01)(1 4 =−=− Abel                 (18) 
The plausibility includes basic assignments of all 

statements which have got at least one hypothesis with 
those of the discussed statement in common. 

For the same statement of the first operator 
(source); 

{ } { } { } { } { } { }32132312121 ,,,,, hhhhhhhhhhh ∪∪∪∪∪
               { } φ≠∪∩ 21 hh                            (19) 

which results in the plausibility and disbelief: 
)()()()()()()( 7654214 AmAmAmAmAmAmApl +++++=                

7.0003.01.01.02.0)( 4 =+++++=Apl              (20) 
3.07.01)(1 4 =−=− Apl                      (21) 
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Table 3 shows the results for belief and plausibility 
of all statements (k = 1, . . . , 7). 

Table 3: The values of basic assignments, belief  and 
plausibility  

)( kAm
 

)( kAbel
 

)( kApl
 

Ω2  )( kBm
 

)( kBbel
 

)( kBpl
 

0.2 0.2 0.6 { }1h  0.2 0.2 0.8 

0.1 0.1 0.2 { }2h  0.1 0.1 0.8 

0.3 0.3 0.6 { }3h  0 0 0.5 

0.1 0.4 0.7 { }21 hh ∪  0.2 0.5 1 

0.3 0.8 0.9 { }31 hh ∪  0 0.2 0.9 

0 0.4 0.8 { }31 hh ∪  0.1 0.2 0.8 

0 1 1 { }321 hhh ∪∪
 

0.4 1 1 

Step 3: 
The third step combines each hypothesis or set of 

hypotheses, from one data source with one from the other 
source and builds the cut set of both, see Table 4. 
Depending on quantifications given at Step 2, some of the 
cut sets may not be focal elements. Actually, this step was 
fit in for illustrative purpose and can be combined with the 
next step. 

Table 4: The Combination Table 
∩
 1A

 
2A

 
3A

 
4A  5A  6A  7A  

1B
 

1h
 

φ  φ  
1h  1h  φ  

1h  

2B
 

φ  
2h
 

φ  
2h  φ  

2h  2h  

3B
 

φ  φ  
3h
 

φ  
3h  3h  3h  

4B
 

1h
 

2h
 

φ  
21 hh ∪

 
1h  2h  21 hh ∪  

5B
 

1h
 

φ  
3h
 

1h  31 hh ∪
 

3h  31 hh ∪  

6B
 

φ  
2h
 

3h
 

2h  3h  32 hh ∪
 

32 hh ∪  

7B
 

1h
 

2h
 

3h
 

21 hh ∪
 

31 hh ∪
 

32 hh ∪
 

321 hhh ∪∪
 

Step 4: 
At this step, those columns and rows of the 

Combination Table were dropped, which are related to 
non-focal elements (non-specified statements with 

0)( =kAm and 0)( =kBm . In this context, columns 

6A , 7A  and rows 3B , 5B are not applicable. Table 5 shows 
the reduced plot containing the combinations of focal 
elements exclusively. 

Table 5: The reduced Combination Table 
∩  1A  2A  3A  4A  5A  

1B  1h  φ  φ  
1h  1h  

2B  φ  
2h  φ  

2h  φ  

4B  1h  2h  φ  
21 hh ∪  1h  

6B  φ  
2h  3h  2h  3h  

7B  1h  2h  3h  21 hh ∪  31 hh ∪  

Step 5:  
At this step, products of the related basic 

assignments are calculated from the non-empty sets. 
Products of basic assignments corresponding to the same 
cut set have to be added. 

For example, for the hypothesis {h1}: 
{ }1111 hBAZ =∩=                         (22) 

04.02.02.0)()()( 111 =⋅=⋅= BmAmZm           (23) 
{ }1412 hBAZ =∩=                          (24) 

04.02.02.0)()()( 412 =⋅=⋅= BmAmZm           (25) 
{ }1713 hBAZ =∩=                         (26) 

08.04.02.0)()()( 713 =⋅=⋅= BmAmZm           (27) 
{ }1144 hBAZ =∩=                         (28) 

02.02.01.0)()()( 144 =⋅=⋅= BmAmZm           (29) 
{ }1155 hBAZ =∩=                          (30) 

06.02.03.0)()()( 155 =⋅=⋅= BmAmZm           (31) 
{ }1456 hBAZ =∩=                        (32) 

06.02.03.0)()()( 456 =⋅=⋅= BmAmZm          (33) 
with the sum: 

∑
=

=
6

1

3.0)(
k

kZm                 (34) 

The results are given in Table 6, and they  illustrate 
the whole procedure, where x means non-focal elements. 

Table 6: The products of basic assignments 
 

1A  2A  3A  4A  5A  

1B  0.04 x x 0.02 0.06 

2B  x 0.01 x 0.01 x 

4B  0.04 0.02 x 0.02 0.06 

6B  x 0.01 0.03 0.01 0.03 

7B  0.08 0.04 0.12 0.04 0.12 

Step 6:  
The sum of all combinations calculated in previous 

step: 

∑
=

=
18

1

76.0)(
k

kZm                (35) 

With that, the basic assignment of every hypothesis 
can be calculated.  

For the hypothesis {h1}, there is: 

{ } 3947.0
76.0
3.0

)(

)(
)( 18

1

6

1
1 ===

∑
∑

=

=

k k

k k

Zm

Zm
hm      (36) 

For the hypothesis { }2h , there is: 

{ } 1316.0
76.0
1.0

)(

)(
)( 18

1

12

7
2 ===

∑
∑

=

=

k k

k k

Zm

Zm
hm      (37) 

For the hypothesis { }3h , there is: 

{ } 2368.0
76.0
18.0

)(

)(
)( 18

1

15

13
3 ===

∑
∑

=

=

k k

k k

Zm

Zm
hm      (38) 

For the set of hypotheses { }21 hh ∪ , there is: 

{ } 0789.0
76.0
06.0

)(

)(
)( 18

1

17

16
21 ===∪

∑
∑

=

=

k k

k k

Zm

Zm
hhm   (39) 

For the set of hypotheses { }31 hh ∪ , there is: 
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{ } 1579.0
76.0
12.0

)(
)()( 18

1

18
31 ===∪

∑ =k kZm
Zmhhm   (40) 

Step 7: 
At this step, the evidence measures of combined 

hypotheses are calculated according to step 2. The basic 
assignments and the resulting evidence measures belief, 
commonality, and plausibility are given in the table 7. The 
sets 32 hh ∪  and 321 hhh ∪∪  does not occur because it 
vanished in Table 5. Hypotheses are ranked by their belief 
measures. 

Belief measures: 
{ } { } 3947.0)()( 11 == hmhbel                 (41) 
{ } { } 1316.0)()( 22 == hmhbel                 (42) 
{ } { } 2368.0)()( 33 == hmhbel                 (43) 

{ } { } { } { } 6052.0)()()()( 212121 =∪++=∪ hhmhmhmhhbel   (44) 
{ } { } { } { } 7894.0)()()()( 313131 =∪++=∪ hhmhmhmhhbel   (45) 

Plausibility measures: 
{ } { } { } { } 6315.0)()()()( 312111 =∪+∪+= hhmhhmhmhpl    (46) 

{ } { } { } 2105.0)()()( 2122 =∪+= hhmhmhpl             (47) 
{ } { } { } 3947.0)()()( 3133 =∪+= hhmhmhpl             (48) 

{ } { } { } { })()()()()( 31212121 hhmhhmhmhmhhpl ∪+∪++=∪
{ } 7631.0)( 21 =∪ hhpl                          (49) 

{ } { } { } { })()()()()( 31213131 hhmhhmhmhmhhpl ∪+∪++=∪                 
{ } 8683.0)( 31 =∪ hhpl                          (50) 

Table 7: The basic assignments and the resulting evidence 
measures belief and plausibility 

Ω2  m bel pl 
{ }31 hh ∪  0.1579 0.7894 0.8683 

{ }21 hh ∪  0.0789 0.6052 0.7631 

{ }1h  0.3947 0.3947 0.6315 

{ }3h  0.2368 0.2368 0.3947 

{ }2h  0.1316 0.1316 0.2105 

Step 8:  
This step is the last step in this procedure.  
Uncertainty is defined by the evidential interval 

[ ]PlBel, , and it is the difference between belief and 
plausibility. 

Uncertainty = Plausibility – Belief 
So, the evidential interval for every hypothesis and 

set of hypothesis is: 
{ } { } { } 0789.0)()( 313131 =∪−∪⇒∪ hhbelhhplhh   (51) 
{ } { } { } 1579.0)()( 212121 =∪−∪⇒∪ hhbelhhplhh   (52) 

{ } { } { } 2368.0)()( 111 =−⇒ hbelhplh             (53) 
{ } { } { } 1579.0)()( 333 =−⇒ hbelhplh            (54) 
{ } { } { } 0789.0)()( 222 =−⇒ hbelhplh            (55) 

The greater difference between belief and 
plausibility, the greater uncertainty (or ignorance) is. 

The hypothesis 2h should not be considered further 
due to the low values of belief and plausibility. With value 
about 0.24, the single hypothesis 1h  is assigned with a 
wide range of uncertainty. The hypothesis 3h  and the 
combination of 1h  and 2h ,  covers a smaller range (0.16). 
The smaller value has the combination of 1h  i 3h (0.08), 

and it has a higher plausibility. Finally, the hypothesis 2h  
shows the smallest range of uncertainty (0.08), but it 
should not be considered further. 

Dempster-Shafer approach, in this example, is 
indicating first hypothesis 1h  and gives a hint to the 
hypothesis 3h , i.e. a combination of the hypothesis 1h  and 

3h  is designated as the most serious and most common 
fault occurring in a hydraulic hand pump for tilting the 
vehicle cab. 

The conclusion is that a combination of 1h  i 3h   
may be responsible for the serious changes of the system 
properties. 

5. CONCLUSION 
The aim of any organization is to offer a quality 

product to the market, at a reasonable price, which will 
ensure the survival of the organization and its development 
in the future. For this reason applying, methods that can 
provide a relatively quick and easy, and safe way to 
discover hidden defects of products or methods to ensure 
the safety and reliability of products are used. 

Modern business of every organization relies on 
information. However, all information is not fully defined 
and precise. There are often uncertain and imprecise 
information and need to find a way to present such 
information and reasoning system based on such 
information. For this purpose there is a theory of belief 
functions. 

Theory of belief function or Dempster-Shafer 
theory is known for its usefulness for expressing uncertain 
decisions of experts and to assist in decision making. 
Human experts often have a difference of opinion, and 
even conflicting views and that this theory can be of great 
importance. When you apply a rule of combining function 
you will get better results than to observe each function 
separately, as combining multiple sources of information 
provides a better assessment of the situation. 

This paper shows how this calculation can be 
applied to the fault tree analysis of the hydraulic hand 
pump for tilting the cab of the vehicle and assess which is 
the most serious failure of the device and what is most 
responsible for serious changes in the operation of the 
pump, or termination of its work. 

Dempster-Shafer theory was carried through eight 
steps, all the belief functions have been calculated and 
applied rule of combination and finally got results that 
leads to two hypothesis, i.e. combination of hypothesis, as 
a major cause of failure of the hydraulic hand pump. Note 
that a probabilistic approach would have blamed only one 
hypothesis for being responsible. This result clearly shows 
the differences between both theories, and that the 
Dempster-Shafer theory has advantages compared to the 
classical theory of probability. Also, the results show that 
this method can increase the accuracy and reliability of the 
product when applied to the fault tree analysis. 
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Soft starters are widely used in industry for control on asynchronous drives when the speed regulation is not a 
mandatory requirement. They are cheaper than inverters and frequency converters and allow temporal reduction of the 
torque and current surge during start-up, as well as smooth deceleration.  

A laboratory stand has been designed and built. An asynchronous motor is controlled by a Soft starter. Remote 
control on the drive has been implemented using a PLC S7-200 and Touch Panel TP177micro, Siemens. The performance 
of the drive is monitored by an intelligent energy meter SentronPAC3200, Siemens. Remote monitoring has been involved – 
this device has been connected to the Ethernet network. 

This laboratory stand offers various possibilities of implementation into practice many laboratory exercises, for 
example: examination of an asynchronous motor at a constant speed and variable load; study of the influence of the start-
up and ramp-down time on the drive performance; training the programming skills for setting-up the soft starters, PLCs 
and touch screens, contemporary measuring devices and their communication through the Ethernet networks, etc. 

Keywords: Soft starter, PLC, remote monitoring and control, intelligent energy meter
1. INTRODUCTION 

The speed regulation of the asynchronous motors in 
many fields of industry is not necessary. Many drives need 
to be started and stopped smoothly but its speed has to be 
constant through the operating modes: 

- Conveyors and Conveyor belts; 
- Pumps; 
- Fans; 
- Compressors; 
- Automatic doors; 
- Small cranes; 
- Belt-drive machines, etc.  
Intelligent devices called “Soft starters” can be 

used in those cases. Using soft starter enhances the starting 
performance of asynchronous motors by allowing the 
motor to start gradually and smoothly in a controlled 
manner [1-4]. This can also prevent mechanical shocks, 
which lead to wear and tear maintenance work and 
production downtime. Therefore, the study and 
examination of the soft starters is very important. A 
laboratory stand has been designed and built and remote 
monitoring and control has been provided.  

2. PRINCIPLE OF OPERATION OF SOFT STARTERS 
A soft starter is a device used with AC induction 

motors to temporarily reduce the torque and current surge 
during start-up and stop-down. This reduces the 
mechanical stress on the motor and shaft, as well as the 
electrodynamic stresses on the electrical distribution 
network, extending the lifespan of the system [7]. 
Electrical soft starters reduce the torque by temporal 
reduction of the voltage or current input. Typically, the 
voltage is controlled by reverse-parallel-connected 
thyristors. They can be connected in series with the line 
voltage applied to the star-connected motor, or can be 
connected inside the delta (Δ) loop of a delta-connected 
motor, controlling the voltage applied to each winding. 

The thyristors can be bypassed by a relay or a contactor in 
steady-state operation (Fig. 1). 
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Figure 1: Star- and Delta-connection of Soft starters 
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 Soft starters can be set up to the requirements of 
the individual application and the motor is adjusted to the 
machine’s load behavior. In pump applications, a soft start 
can avoid pressure surges. Conveyor belt systems can be 
smoothly started, avoiding jerk and stress on drive 
components. Fans or other systems with belt drives can be 
started slowly to avoid belt slipping. Soft starts are also 
seen in electrical R/C helicopters, and allow the rotor 
blades to spool-up in a smooth, controlled manner rather 
than a sudden surge. In all systems, a soft start limits the 
inrush current and so improves stability of the power 
supply and reduces transient voltage drops that may affect 
other loads [4 - 7]. 

3. LABORATORY STAND 
The laboratory stand for asynchronous drive 

examinations is shown in Fig. 2. The used motor is made 
in Bulgaria; its power is 3 kW. A load of the motor can be 
changed by an electromagnetic brake (EMB), which has to  

be powered by an additional DC voltage source. The 
possibility of reverse is provided by two circuit breakers – 
F (forward) and R (reverse). The necessary locks and 
protection are also assured – 3 poles thermal magnetic 
motor circuit breaker MCB GV2-ME14 (rated current 10A 
and thermal protection adjustment range 6...10 A), as well 
as three fast acting fuses F (rated current 10 A) [8]. 

The motor is controlled by an appropriate soft 
starter. Altistart 01 soft start / soft stop units ATS01N2 
developed by Schneider Electric Company is used [5-7].  

The Altistart 01 starters enhance the starting 
performance of asynchronous motors by allowing them to 
start gradually, smoothly, and in a controlled manner. It 
helps to prevent mechanical shocks, which cause wear and 
tear, and subsequent maintenance work and production 
downtime. The series includes several devices offering 
various features. Some of them operate only as a torque 
limiter on starting, but others can be used as a soft 
start/soft stop unit for asynchronous motors. 
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Figure 2: Laboratory stand for remote monitoring and control of asynchronous drive with soft starter 
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The Altistart 01 ATS01N2 soft start/soft stop units 

control the motor power supply to limit the starting current 
and for deceleration. They also feature an internal bypass 
relay. These devices are equipped with 3 potentiometers 
for setting the starting and deceleration time and for 
adjusting the starting voltage threshold according to the 
motor load. Two logic inputs provide Run/Stop commands 
and a logic input can be used for the Boost function (+24V 
positive logic). One logic output indicates the end of 
starting and one relay output indicates that the voltage is 
switched off at the end of the deceleration stage. A green 
LED indicates that the unit is powered up and a yellow 
LED indicates that the motor is powered at nominal 
voltage. 

The appropriate model is selected according to the 
technical data of the asynchronous motor. Altistart 
ATS01N2**QN is available for voltage 380V (380V -15% 
to 415V +10%). The model ATS01N209QN for nominal 
current 9A is appropriate for motors with power of 3-4 kW 
(the main technical parameters are given in table. 1).  

The logical inputs and outputs are connected to the 
PLC Simatic S7-200 [9]. TP177micro Touch Panel is 
configured for Start / Stop and Boost commands that are 
transmitted through the PLC to the soft starter [10]. 2-wire 
control is realized – the run and stop commands are 
controlled by a single logic input. State “1” of logic input 
LI2 controls the run process and state “0” controls the stop 
process. A switch is configured on the Touch Panel and 
performs these functions. Another switch is configured for 
the Voltage Boost function via third logic input of the soft 
starter – activating this input enables the function for 
supplying a starting overtorque capable of overcoming any 
mechanical friction. When the input is at state “1”, the 
function is active and the starter supplies the rated voltage 
to the motor for a limited time (200 ms) before starting. 

Digital inputs of the PLC are used for receiving the 
information about drive condition. The logic output LO1 
of the soft starter indicates the end of starting when the 
bypass relay has been switched on and the motor has 
reached nominal speed. A bar is configured on the Touch 
Panel and shows the motor speed. The Fault relay (built 
into the soft starter) opens when a fault is detected: the 
relay contact R1A-R1C closes with the Run command and 
opens when the motor voltage is around 0 with a 
decelerated stop or stop immediately on a fault. An alarm 
is configured on the Touch Panel and will indicate a fault. 

Table 1: Main technical parameters of the soft starter 
ATS01N209QN 

Power supply 342...456 V;        47,5...63 Hz 
Current  9 A rated operating current 

30A starting current at nominal load 
Power dissipated 4 W (at full load at end of starting) 

94 W (in transient state) 
Starting time 
(acceleration time) 

Adjustable 1 … 10 s 
Maximum number of cycles per hour: 

1 s / 100 cycles per 1 h. 
5 s / 20 cycles per 1 h. 

10 s / 10 cycles per 1 h. 
Deceleration time Adjustable 1 … 10 s 
Initial Voltage Uin = 30 – 80 % Un 
Starting torque 30...80% of starting torque of motor 

connected directly on the line supply 

Measuring equipment with high accuracy is also 
provided. The power monitoring device Sentron PAC3200 
developed by Siemens offers an analysis of the electrical 
system’s current consumption and power flows [11-14]. It 
is connected direct in the voltage system. For measuring 
current, three 50/5 A current transformers are used. 

It precisely and reliably detects the power values of 
electrical consumers and provides important measured 
values for assessing the system state and power quality.  
This device has a range of useful monitoring, diagnostics 
and service functions, a two-tariff active energy and 
reactive energy counter (imported and exported energy), a 
universal counter, and a working hours counter for 
monitoring the running time of connected loads. 

All the relevant system parameters can be shown on 
the large graphical LC display that permits reading even 
from a distance [15]: 

- Voltage (Phase-neutral – U1-n / U2-n / U3-n and 
Phase-phase U1-2 / U2-3 / U3-1); 

- Currents (per phase  – I1 / I2 / I3); 
- Active power (per phase – +P1 / +P2 / +P3 and 

total +Рtotal); 
- Reactive power (per phase – +Q1 / +Q2 / +Q3 and 

total +Qtotal); 
- Apparent power (per phase – S1 / S2 / S3 and total 

Stotal); 
- Power factor (per phase – |PF1| / |PF2| / |PF3| and 

total |PFtotal|); 
- Frequency f; 
- Total harmonic distortion (THD) for voltage and 

current (per phase – THD-U1 / THD-U2 / THD-U3 / 
THD-I1 / THD-I2 / THD-I3); 

- Phase unbalance (Voltage); 
- Min. / max. values (Voltage / Current / Power / 

Power factor / THD / Frequency / Three phase average 
voltage and current / Three phase average rating for 
active and reactive power), a possibility of reset is 
provided. 

The backlighting can be adjusted in steps for 
optimal readability even under poor lighting conditions. 
The combination of four function keys with the multi-
language plaintext displays makes intuitive user prompting 
possible. The experienced operator can also use direct 
navigation for quicker selection of the desired display 
menu. 

The integral Ethernet interface is provided for easy 
integration into any local or remote monitoring system. In 
the stand, it is used for communication between the device 
and a computer (PC).  Modbus TCP Ethernet protocol  is 
used (10 Mbps) and the relevant software product 
Powerconfig V3.7 has been installed on the PC. The 
Sentron PAC3200 transmits measured values to the 
supervisory systems, where the data can be further 
processed for display and control (there is a opportunity of 
exporting to Excel tables). Simple configuration of the 
parameters can be done either directly from the front 
display or through the communication interface using the 
PC.  

In addition, the Sentron PAC3200 has a 
multifunctional digital input and digital output (simple 
logic functions for alarming can be set up).  
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4. TESTING AND EXAMINATIONS  
The laboratory stand offers various possibilities of 

research and implementation into practice many laboratory 
exercises, for example: 

- Examination of an asynchronous motor at a 
constant speed and variable load; 

- Study of the influence of the start-up and ramp-
down time on the drive performance. 

The laboratory stand gives possibilities of student’s 
practical training in many terms of reference, for example: 

- Training the programming skills for setting-up the 
soft starters, intelligent measuring devices, PLCs and 
touch screens, as well as the communication between these 
devices and PC – knowledge of the relevant software 
products is necessary; 

- Analyzing the electrical system’s current 
consumption and power flows; 

- Synthesis of algorithms for optimal control on the 
drive systems; 

- Evaluation of the PLC’s possibilities of its using 
in the drive systems for the efficiency optimization.  

The existence of a PLC with touch panel and a PC 
connected to the Sentron PAC3200 allows for 
simultaneous drive control, monitoring and parameters 
tracing and capturing. Methods for some laboratory 
examinations and tests by instrumentation with high 
accuracy are developed:  

- Determination of the static mechanical and 
electromechanical characteristics of the asynchronous 
drive: 

 ω = f (M), ω = f (I)                            (1) 
- Determination of the characteristics that show the 

change of energetic parameters of the drive (power factor, 
efficiency, THD, etc.) at the different settings of the soft 
starter [5]: 

сosφ = f (M), η = f (M), THDI = f(M), THDU = f(M)    (2) 
- Capturing the dynamic characteristics with 

starting, stopping and changing the load: 

I = f(t), P = f (t), Q = f (t), U = f(t)                 (3) 
сosφ = f (t), THDI = f(t), THDU = f(t)               (4) 

4.1. Configuring and Setting-up the PLC and Touch Panel 
The PLC and the touch panel could be configured 

to realize 3-wire control on the soft starter – the run and 
stop commands will be controlled by different logic 
inputs. The logic inputs LI1 and LI2 have to be connected 
to two logic outputs of the PLC (for ex. Q1.0 and Q1.1). 
The relevant buttons have to be configured on the touch 
panel – a normally closed button for Stop command 
(associated to the Q1.0 and LI1) and a normally open 
button for Run command (associated to the Q1.1 and LI2). 
The switch for the Voltage Boost function, the speed bar 
and the alarm have to be also configured (Fig. 3). 
Knowledge of the software products Step 7-Micro/Win 
and WinCC flexible is necessary. 
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Figure 3: Touch panel view at 3-wire control 

4.2. Analyzing the electrical system’s parameters 
The device Sentron PAC3200 has to be connected 

to the PC and the software Powerconfig V3.7 has to be 
started. This software package is a combined service and 
commissioning tool for communication-capable measuring 
devices from the Sentron family. The parameters of the 
drive can be displayed on the PC monitor (Fig. 4).  

 
Figure 4: Software Powerconfig V3.7 – voltage monitoring 
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The measured values can be watched in real time in 
numerical and graphic type in standardized views. Three-
phase voltage is monitored in the Fig. 4 – the date, time 
and value of each phase voltage are displayed in real time. 
The unbalance is clearly visible – the coefficient of the 
phase unbalance, as well as the average three-phase 
voltage can also be shown. The refresh time could be 
changed (minimum value is 330 ms) and the differences 
could be watched. Any other parameters can be monitored 
(selecting by the menu). The moment values are written 
and graphics can be plotted. Read-out and saving of 
message lists, load profiles, and histories is also possible.  

The variation of the motor currents during different 
regimes is shown in the Fig. 5. The big values of the 

starting currents are clearly visible. The currents are 
constant during the steady-state operation and decrease 
slowly after the Stop command. 

The variation of the motor power during different 
regimes is shown in the Fig. 6. Three tests were made at 
different acceleration times. The active, reactive and 
apparent power was monitored. The big values of the 
starting power are clearly visible again, but these values 
can be decreased by increasing the acceleration time. The 
active power is very low during the steady-state operation 
because the drive is running without any load. The power 
is independent of the soft starter settings during the steady-
state operation and decreases slowly after the Stop 
command.

 
Figure 5: Laboratory Software Powerconfig V3.7 – current monitoring 

 
Figure 6: Laboratory Software Powerconfig V3.7 – power monitoring 

Button „Export to CSV” 
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The software Powerconfig V3.7 offers opportunity 

of exporting data to Excel tables using the button “Export 
to CSV” (see Fig. 5). The Recording duration have to be 
defined in advance. Data can be processed in Excel and 
many graphics can be plotted and analyzed.  

 

5. CONCLUSION 
Soft starters are widely used in industry for control 

on asynchronous drives when the speed regulation is not a 
mandatory requirement. They are cheaper than inverters 
and frequency converters and allow temporal reduction of 
the torque and current surge during start-up, as well as 
smooth deceleration. Therefore they can be also used in 
electric vehicles for control on auxiliary machines (pumps, 
air coolers, compressors, etc.).  

PLCs are often implemented as primary 
components in small and medium control system 
configurations. The PLCs Simatic series offer maximum 
automation at minimum dimensions – it is compact, fast 
and highly powerful, feature great communications 
capabilities and it is based on very user-friendly software 
and hardware. They can be used for complex automation 
tasks and finds application in many branches of industry, 
power engineering and transport.  

These advantages cause to teaching the students 
how to use and program soft starters and PLCs. The 
developed stand offers various possibilities of research and 
implementation into practice many laboratory exercises, 
for example: 

- Examination of an asynchronous motor at a 
constant speed and variable load; 

- Study of the influence of the start-up and ramp-
down time on the drive performance; 

- Selecting the right scheme of the drive depending 
on specific application; 

- Training the programming skills for setting-up 
contemporary measuring and control devices and their 
communication through the networks, as well as their 
using in the control systems for monitoring and analyzing 
the electrical system’s parameters; 

- Synthesis of algorithms for optimal control on the 
drive systems depending on the load torque, as well as 
evaluation of possibilities of efficiency optimization.  
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Many different models are used for traffic flows examination - macroscopic, microscopic, kinetic, stochastic, timed, 

etc. models.  
The traffic flow can also be examined as an open dynamic system that is subjected to the complex influence of 

different types of disturbances. This why the traffic flows can be modeled and analyzed using the methods of non-linear 
dynamics. 

In view of the general laws of the traffic flow as a dynamic system, a traffic flows model based on the Lorenz system 
is proposed in the paper. The model has been simulated in Mathcad environment and has been tested at changing its 
parameters.  

Keywords: Traffic flows, Transport systems, Synergy, Self-organization, Non-lLinear dynamic system, Lorenz 
system

1. INTRODUCTION TO THE PROBLEM 
Traffic flows, regardless of their type and 

composition, are complex systems consisting of discrete 
units that move on a given channel (track) in the transport 
network. They can be a combination of technical means, 
transported goods, groups of people, etc., to which, 
however, a number of subsystems - infrastructure, 
organizational structure, rules, regulations, etc. are also 
referred (Fig. 1). 

The traffic flows are characterized by certain 
parameters and are dependent on many factors – 
determined and random. Their study aims, on the one 
hand, to analyze the existing situation and, on the other 
hand, to predict, with sufficient precision, their future 
development.  

There are a number of models of transport flows 
depending on the type of variables, the degree of detail, 
the way in which physical processes are presented, etc. [1, 
2, 3]. 

Some of them are based on the relationships 
between the basic flow parameters and the theory of 
hydrodynamics – macroscopic models [1]. The transport 
flow is treated as a fluid stream. 

Other models examine the movement of separate 
elements (individuals or vehicles) – microscopic models 
[2]. In them, the traffic is examined in detail, taking into 
account impacts on each vehicle. 

Third kind of models report the dynamics of a 
group of vehicles – mesoscopic models [3]. They are a 
combination of macro and microscopic models. 

Variables that characterize the traffic flows are 
continuous or discrete time functions [4]. 

The description of processes in transport systems 
can be determined [5] if it is based on precise 
dependencies and random disturbances and impacts on 
them are not taken into account. But these models are not 
real. 

Stochastic models [6], which take into account 
random variables influencing the behavior of the system, 
are used for greater credibility. 

In the literature, there are many results of traffic 
flow analysis based on the mentioned models [1] – [6]. 
Less research is based on the general theory of systems [7] 
and its basic concepts – organization, order, self-
organization [8, 9]. 

From the positions of synergy [8, 9], a science that 
studies the common ideas and organization laws of 
systems, the traffic flow is a complex non-linear dynamic 
system. Its state is uniquely defined by a set of variables 
and the law describing the variation (evolution) of the 
initial state in time is known. 

As it is explained in [9], phenomena arising from 
the joint action of various factors, each of which does not 
itself have the same effect, occur in complex systems. Any 
change in system parameters causes processes that build or 
break down its structures (synergies). Thus, it is gradually 
getting to self-organizing and complicating the structure of 
the system in order to perform new functions. 

From synergic positions [8, 9], the macroscopic 
behavior of the system is described by one or more control 
parameters and row parameters. The mechanism of 
interaction between these parameters and the processes in 
the system determines its evolution. 

The traffic flow considered in a synergic aspect is a 
self-organizing system in which order and chaos parallelly 
exist. It is subjected to a number of internal and external 
disturbances (Fig.1) caused by random factors. They lead 
to fluctuations that can bring it from one state to another. 

According to the conventional classification of 
dynamic systems [7], the traffic flow can be defined as an 
open dissipative system because the number of elements in 
it is not constant. Furthermore, there is a continuous 
exchange of information and/or energy with the external 
environment as it is shown in Fig. 1. 
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Figure 1: Traffic flow as an open dissipative system 

 
The pentagram, shown in Fig. 2, can be given as an 

illustration of the prerequisites for application of the 
synergic approach in the analysis of the processes in the 
traffic flow. 

The properties of coherence and reflexivity in this 
case refer to the consistency and reporting of implicit 
prerequisites and the logic of the development of the 
traffic flow processes. 

In order to analyze the traffic flow through the 
main constructions of synergy – order, chaos, self-
organization, an adequate mathematical model is needed to 
study the processes of self-organization and evolution. 

N

O

K R

D

 
N - nonlinearity; 
O - openness; 
K - coherence; 
D - dissipation; 
R - reflexivity  

Figure 2: Pentagram of the synergic characteristics of the 
traffic flow 

The purpose of the present work is to propose a 
model of a traffic flow in the form of a non-linear dynamic 
system. The model is based on the classic example of 
complex dynamic systems – the Lorenz equations. 
Through Mathcad's simulation, the dynamics of the 
processes in the model when changing its parameters has 
been studied. 

 

2. MODEL OF A TRAFFIC FLOW THROUGH THE 
LORENZ SYSTEM 

As it is known [8, 9], the Lorenz system is the 
simplest continuous non-linear dynamic system of third 
order, of the type: 

 ( )[ ]k
j

ni
i txXXF

t
X

λ,,,,.....,1=
∂
∂ ,        (1) 

where: 

( )txX j
i , , 31÷=j , is the set of variables in function 

of spatial coordinates  jx  and the time t; 

iF  - Non-linear functions; 

kλ  - control parameters; 
i = 1, 2, 3 - number of degrees of freedom 

It consists of three differential equations:: 
( )

zxyz
xzyxy

xyx

β
ρ
σ

−=
−−=

−=







      (2) 

where  σ, ρ and β are parameters,  
x(t), y(t), z(t) – variables. 
 

The choice of Lorenz system for modeling of a 
traffic flow is also based on the fact that Eq. (2) can be 
written by dissipative members inversely proportional to 
the times of relaxation of the variables [10]. Thus the 
Lorenz system can also be used to analyze the self-
organization phenomenon. 

Given that each flow is characterized by the basic 
parameters: 

- Intensity of movement 
- Rate of change 
- Density, 

the following correspondence is introduced for the 
variables of Eq. (2). 

It is accepted: 
- x (t) corresponds to the intensity of the traffic 

flow; 
- y (t) corresponds to traffic flow speed; 
- z (t) corresponds to the density of the traffic 

flow. 
The parameter σ, which in this case reflects the 

intensity of the fluctuations from external disturbances, is 
accepted as a control parameter in Eq. (2). 

The model described has been simulated in 
Mathcad. The value σ = 10 has been initially set to the 
control parameter. A process whose phase portrait is 
shown in Fig. 3 has been realized.  
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The process's phase portrait changes with a small 
change in the control parameter σ. 

The phase portrait of the model at σ = 12 is shown 
in Fig. 4 and at σ = 15 – in Fig. 5. 

The classical attractor of Lorenz, shown in Fig. 6, is 
obtained at σ = 17. 

 
 

 

 
Figure 3: Phase portrait of the model at σ = 10   

 

  
Figure 4: Phase portrait of the model at σ = 12 

B.105



Proceedings of IX International Conference “Heavy Machinery- HM 2017”, Zlatibor, 28 June – 1 July 2017 
 

G. Cherneva, E. Dimitrova 

   

 
Figure 5: Phase portrait of the model at σ = 15 

 

 
Figure 6: Chaotic Mode at σ = 17 

 

B.106



Proceedings of IX International Conference “Heavy Machinery- HM 2017”, Zlatibor, 28 June – 1 July 2017 
 

Synergistic Model of Traffic Flows 

3. EVALUATION OF THE IMPACT OF EXTERNAL 
DISTURBANCES ON THE TRAFFIC FLOW 
The proposed traffic flow model based on the 

Lorenz system can also be used to assess the impact of 
external disturbances on the flow intensity. For this 
purpose, the theory outlined in [10, 11, and 12] on the 
influence of noise on synergic systems is used. 

( )

z
z

xy
y

x

zxygz

tgxzg
yy

y

yxx

τ

σξ
τ

τ

−=

+−
−

−=
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0             (3) 

where gx, gy and gz are coefficients reflecting 
feedback in the system; 

y0 is the stationary value to which the function y(t) 
reaches for the time of relaxation. 

External impact is presented as a source of 
multiplicative stochastic disturbances ξ(t) [13-18]. 

The simplest case of white noise disturbances has 
been considered. Then 2=xg [10]. 

After converting the system Eq. (3), we obtain a 
differential equation for the variable x (t): 
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where: 

( ) ( )
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xVxf

∂
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=     (5) 

( ) ( )[ ]2
0

2 1ln
2
1 xyxxV +−=   (6) 

Thus, the system Eq. (3) is reduced to a one-
parametric stochastic equation of the type Eq. (4), which 
takes into account the effect of external random 
disturbances on the intensity of the traffic flow. 

According to [10, 11], the decisions of Eq. (4) are 
determined by the Focker-Plank equation [15] regarding 
the density of probability for a transition in a Markov 
process: 

( ) ( )txJ
t

txp ,,
−∇=

∂
∂

      (7) 

where 
x∂
∂

≡∇  

and the variable 

( ) ( ) ( ) ( )[ ]txpgtxpxftxJ x ,
2

,, 2
2
∇+=

σ
     (8) 

is a probability flow. 
In [15], a fixed solution of the Foker-Plank 

equation at probability 
( ) ( )txpxp

t
st ,lim

∞→
=       (9) 

and probability flow 

( ) ( ) ( ) ( )[ ] constxpgxpxfxJ stxst =∇+= 2
2

2
σ

 (10) 

is exposed. 
The stationary decision determines the limits of the 

sustainable area of variation of the traffic flow intensity 
depending on external disturbances for the model under 
consideration. 

4. CONCLUSION 
Transport flows, viewed as a complex dynamic 

system, obey the general laws and the synergy between 
chaos and order in their development. This allows 
modelling through the theory of nonlinear dynamics. The 
proposed traffic flow model, based on the Lorenz system, 
enables the flow dynamics to be studied according to its 
basic parameters. It can also offers opportunity to analyze 
the impact of disturbances caused by random factors on 
the intensity or other characteristics of the traffic flow.    
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Risk analysis is an important activity to ensure that critical assets, like medical devices and nuclear power plants, 
operate in a safe and reliable way. Fault Tree analysis (FTA) is one of the most prominent techniques, used by a wide 
range of industries. Fault Trees (FTs) are a graphical method that model how failures propagate through the system, that 
is, how component failures lead to system failures. FTA investigates whether the system design is dependable enough. It 
provides methods and tools to compute a wide rage of properties and measures. FTs can roughly be described as directed 
acyclic graphs, whose leaves model component failures and whose gates - failure propagation. Dynamic Fault Trees 
(DFTs) are the best known extensions to Static Fault Trees (SFTs). DFTs are capable of expressing features that are not 
expressible in SFTs, like spare management, different operational modes, dependent events. These properties of DFTs 
make them suitable for many situations, where SFTs cannot be applied. This paper will discuss the main methods for 
computation of  some of the parameters of a DFT. 

Keywords: Risk analysis, Fault tree, simulation, computation, dynamic
1. INTRODUCTION 

Risk analysis is a key feature in reliability 
engineering: in order to design and build transport 
systems, smart grids, and internet shops that meet the 
required dependability standards, we need to assess how 
dependable these systems are, and take appropriate 
measures if they are not dependable enough. This analysis 
is most useful when carried out at design time. Then 
important reliability decisions are made concerning the 
system architecture, the level of redundancy and spare 
management. 

One method for risk analysis is a type of graph - 
more precisely, directed acyclic graph - the Fault Tree.  
Fault Trees were introduced in the 1960s at Bell Labs for 
the analysis of a ballistic missile. Fault Tree Analysis 
(FTA) identifies, models and evaluates the unique 
interrelationship of events leading to: Failure, Undesired 
Events / States, Unintended Events / States. Nowadays 
FTA plays an important role in product certification, and 
to show conformance to legal requirements. In the 
European Union, legislature mandates that employers 
assess and mitigate the risks that workers face [1]. FTA 
can be applied in this context, for example to determine 
the conditions under which a particular machine is 
dangerous to workers [1]. 

The better-known Static Fault Tree cannot model 
the dependability behavior of systems in which the 
consistency of origins of failures is crucial. Dynamic Fault 
Trees (DFTs) extend Standard (or Static) Fault Trees with 
a number of intuitive gates. These gates facilitate the 
modelling of often recurring concepts in reliability 
engineering: spare management, functional dependencies, 
and order-dependent behaviour. Three methods for 
analysis of DFTs will be presented in the next sections. 

2. TYPES OF FAULT TREES 

2.1. General notes 
There are two important types: Discrete-time FTs 

equip each BE with a probability p, representing the 
probability that the component fails within a certain 
discrete time interval. In continuous-time FTs, each BE is 
equipped with a probability distribution f showing how the 
failure behaviour evolves over time, i.e. F(t) represents the 
probability that the BE is still running at time point t. The 
root of the tree, called the top-level event (TE), represents 
a system failure. FTA typically computes for a given FT 
the system reliability, i.e. the probability that the system 
has not failed within a given mission time T, the mean 
time to failure (MTTF), i.e. the expected time of a failure 
to occur, and the availability, i.e. the time that the system 
is up in the long run. 

2.2. Static Fault Trees 
A Static fault tree consists of two types of nodes: 

events and gates. An event is an occurrence within the 
system, typically the failure of a subsystem down to an 
individual component. Events can be divided into basic 
events (BEs), which occur spontaneously, and 
intermediate events, which are caused by one or more 
other events. The event at the top of the tree, called the top 
event (TE), is the event being analyzed, modeling the 
failure of the (sub)system under consideration. 

In addition to basic events depicted by circles, 
Figure 1 shows other symbols for events. An intermediate 
event is depicted by a rectangle. If an FT is too large to fit 
on one page, triangles are used to transfer events between 
multiple FTs to act as one large FT. Finally, sometimes 
subsystems are not really BEs, but insufficient information 
is available or the event is not believed to be of suffcient 
importance to develop the subsystem into a subtree. Such 
an undeveloped event is denoted by a diamond. 
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Figure 1: Images of non-basic events in fault trees 

 
Gates represent how failures propagate through the 

system, that is, how failures in subsystems can combine to 
cause a system failure. Each gate has one output and one 

or more inputs. The following gates are commonly used in 
fault trees. Images of the gates are shown in Figure 2. 

 
Figure 2: Images of the gates types in a fault tree 

 
- AND - Output event occurs if all of the input 

events occur. 
- OR - Output event occurs if any of the input 

events occur. 
- k/N - Also known as VOTING, has N inputs. 

Output event occurs if at least k input events occur. This 
gate can be replaced by the OR of all sets of k inputs, but 
using one k/N gate is much clearer. 

- INHIBIT - Output event occurs if the input event 
occurs while the conditioning event drawn to the right of 
the gate also occurs. This gate behaves identically to an 
AND gate with two inputs, and is therefore not treated in 
the rest of this paper. It is sometimes used to clarify the 
system behaviour to readers. 

2.3. Dynamic Fault Trees 
Traditional FTs can only model systems in which a 

combination of failed components results in a system 
failure, regardless of when each of those component 
failures occurred. In reality, many systems can survive 
certain failure sequences, while failing if the same 
components fail in a different order. For example, if a 
system contains a switch to alternate between a component 

and its spare, the failure of this switch after it has already 
activated the spare does not cause a failure. 

The most widely used way of including temporal 
sequence information in FT is the dynamic fault tree or 
DFT [1]. Since a DFT considers temporal behaviour, the 
methods used for the analysis of static FT cannot be 
directly used to analyze DFT. 

The structure of a DFT is very similar to an FT, 
with the addition of several gate types shown in Figure 3. 
The new gates are: 

- PAND (Priority AND) - Output event occurs if all 
inputs occur from left to right. 

- FDEP (Function DEPendency) - Output is a 
dummy and never occurs, but when the trigger event on 
the left occurs, all the other input events also occur. 

- SPARE - Represents a component that can be 
replaced by one or more spares. When the primary unit 
fails, the first spare is activated. When this spare fails, the 
next is activated, and so on until no more spares are 
available. Each spare can be connected to multiple Spare 
gates, but once activated by one it cannot be used by 
another. By convention, spares components are ordered 
from left to right. 

 
Figure 3: Images of the new gates types in a DFT 
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BEs can have an additional parameter α called the 
dormancy factor. This parameter is a value between 0 and 
1, and reduces the failure rate of the BE to that fraction of 
its normal failure rate if the BE is an inactive input to a 
SPARE gate [1]. For example, a spare tire will not wear 
out as fast as one that is in operation. For BEs that are not 
inputs to a SPARE gate, α has no effect. The introduction 
of the PAND gate means that a DFT is not generally 
coherent: An increase in the failure rate of the right input 
to a PAND can increase the reliability of the gate. Since 
the inputs to PAND gates are commonly also inputs to 
other subtrees, non-coherence is often indicative of a 
modeling error or suboptimal system design. In non-
repairable DFTs the FDEP gate can be removed by 
replacing its children by an OR gate of the child and the 
FDEP trigger. In repairable DFT the applicability of this 
approach depends on the definition of the FDEP gate: If 
failures triggered by the FDEP require separate repairs, the 
transformation is not correct. If repair of the FDEP trigger 
also restores the triggered components to operation, the 
transformation does preserve the behaviour. Since the 
output of the FDEP gate is a dummy output and not 
relevant to the behaviour of the FT, it is often useful to use 
a pruned input function which does not include FDEP 
inputs [1]. Some types of DFT have additional gates, 
which are: 

- Hot Spare - Special case of SPARE gate, where 
the dormance factor of the spares is 1, i.e. the spare failure 
rate is the same as the normal failure rate [1]. 

- Cold Spare - Special case of SPARE, with a 
dormance factor of 0, i.e. spares cannot fail before 
activated [1]. 

- Priority OR - Fails when the leftmost input fails 
before the others [1]. Can be replaced by a PAND and an 
FDEP. 

- Sequence enforcing - Prohibits failures of inputs 
until all inputs to the left have failed [1]. Can be replaced 
by (cold) SPARE provided the inputs are not shared with 
other gates. 

Most of the values that can be computed for classic 
FT can still be used in the analysis of DFT: the reliability, 
availability, and MTTF are still of interest. 

2.4. Fault Trees with dependent events 
Classic FT assume that the BE are all statistically 

independent. This is often not true in practice, as events 
can have common causes, or the failure of one component 
can accelerate the failure of another. 

For models with particularly complex 
interdependencies, Bouissou [4] offers a formalism called 
Boolean logic Driven Markov Processes (BDMP) as an 
extension to fault trees. In this formalism, events are 
described by Markov Processes with designated failure 
states. Then, events in the FT can cause these events to 
switch to different processes, for example to increase the 
failure rate if another component fails. 

3. ANALYSIS OF DYNAMIC FAULT TREES - 
METHODS 

3.1. Analysis by Markov Chains 
The first method proposed to analyze DFT was by 

Dugan et al. [1], and computes the unreliability of the 
system during a time window [0; t]. This method converts 

the DFT into a Markov Chain, in which the states 
represent the history of the DFT in terms of what 
components have failed and, where needed, in what order. 
Since the number of failed subsets grows exponentially in 
the number of BEs, this method is not practical for very 
complex systems. 

3.2. Modular analysis of a DFT 
Boudali et al. [1] use a different method to calculate 

the reliability of a DFT, which reduces the combinatorial 
explosion in many common cases. They provide a 
compositional semantics for DFT, i.e. each DFT element 
is interpreted as an Interactive Markov Chain [1] and the 
semantics of the DFT is the parallel composition of the 
elements. The papers provide several reduction techniques 
to minimize the resulting Markov Chain. In addition, it 
allows DFT to be extended with repairable components 
and mutually exclusive events. The analysis is performed 
by converting a DFT into an Input/Output Interactive 
Markov Chain for analysis. This model is constructed by 
computing the parallel composition of the I/O IMCs for 
parts of the tree, down to individual gates and events. 
Since intermediate models can be analyzed to remove 
unnecessary states, the total I/O IMC can be much smaller 
than the Markov Chain produced by earlier methods, and 
the combinatorial explosion is reduced. 

Input/Output Interactive Markov chains (I/O-IMCs) 
extend interactive Markov chains (IMCs) [1] by 
integrating features from input/output automata. An I/O-
IMC consists of a number of states which are connected 
via transitions. As in interactive Markov chains, transitions 
are classified as either Markovian transitions or interactive 
transitions. Markovian transitions represent a system 
delay. They are labeled with rates λ indicating that the 
transition can be taken after an exponentially distributed 
delay with parameter λ. 

On the other hand, interactive transitions are 
executed instantly. They are labeled with different kinds of 
actions: 

(a) Input actions (denoted a?) can only be taken, if 
another I/O-IMC executes an output action a!; we say that 
a? requires synchronization on a!. The action is thus 
possibly subject to delays. 

(b) Output actions (denoted a!) cannot be delayed 
and have to be taken immediately. They emit the output 
signal a! on which corresponding input actions can 
synchronize. 

(c) Internal actions (denoted a;) cannot be delayed, 
quite like output actions. However, they are not visible to 
other I/O-IMCs, i.e. they do not require synchronization. 

I/O IMCs are input-enabled, meaning that all states 
in an I/O-IMC can respond to all input signals from any 
other I/O-IMC in the considered system. 

One of the key properties of I/O-IMCs is that they 
are compositional. Complex models consisting of various 
interacting I/O-IMCs can be aggregated in a stepwise, 
hierarchical manner to obtain one I/O-IMC representation 
of the whole system. 

In [1] it is stated that no synchronisation over 
Markovian transitions is done. This behaviour is justified 
by the memoryless property of exponential distributions: if 
two Markovian transitions with rate λ and μ competing for 
execution, then the remaining delay of the μ-transition 
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after taking the λ-transition is exponentially distributed 
with rate μ. 

After the parallel composition of two I/O-IMCs we 
can hide those actions which are no longer subject to 
further synchronisation. 

 
Figure 4: Two examples of I/O IMCs 

Let us consider the two I/O-IMCs A and B in 
Figure 4, where A describes an activation after a delay 
given by rate υ and B describes a dormant BE with 
dormant failure rate μ and active failure rate λ. States are 
depicted by circles, initial states by an incoming arrow, 
Markovian transitions by dashed lines, and interacting 
transitions by solid lines. While A has only one possible 
path from the initial to the final state, B can either directly 
reach state 3 by a Markovian transition, or move via state 
2. The path taken is determined by a race condition: If the 

delay generated by the Markovian transition is shorter than 
the delay caused by the synchronization on action a, then 
B executes the transition from state 1 to state 3. When 
composing A and B (Figure 5) we synchronize on action 
act. Since B has act as input, it has to wait for A's output 
action act!. All Markovian transitions and non-
synchronising signals are essentially interleaved during 
composition. All synchronising signals are transformed 
into internal actions and thereby hidden. 

 
Figure 5: Parallel composition of A and B, hiding signal act

Unlike traditional Markov Chains, I/O IMC are 
capable of modeling non-determinism between actions. 

In earlier development of the DFT modeling 
formalism, the semantics (i.e. the model interpretation) of 
some DFT configurations, where FDEP gates are used, 
remains unclear. For instance, in Figure 6, the FDEP gate 
triggers the failures of two basic events (E2 and E3). Does 
this mean that the dependent events fail simultaneously 
and if so which spare gate gets the shared spare E4 (in 
configuration b)? In [7], it is mentioned that these special 
cases are dealt with by systematically removing the non-
determinism by transforming it into a probabilistic (or 
deterministic) choice. Moreover, if the non-determinism 
was not intended, then its detection indicates that an error 

occurred during the model specification. Non-determinism 
could also be an inherent characteristic of the system being 
analyzed, and should therefore be explicitly modeled. An 
example of such a system would be a repairman following 
a first failed first repaired policy and being in charge of 
two components. Now, if both components fail at the same 
time, then we might decide to model the choice of which 
one to pick first for repair to be a non-deterministic choice 
made by the repairman. 

In the I/O-IMC formalism, the DFT configuration 
depicted in Figure 6 will be interpreted as follows: 
Whenever the dependent events failure has been triggered, 
then the trigger event (the cause) happened first and was 
then immediately (with no time elapsing) followed by the 
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failure of the dependent events (the effect). This adheres to 
the classical notion of causality. Moreover, the dependent 
events fail in a non-deterministic order (i.e. essentially 
consider all combinations of ordering). In this case, the 
final I/O IMC model is not a Continuous-Time Markov 

chain (CTMC) but rather a Continuous-Time Markov 
decision process (CTMDP), which can be analysed by 
computing bounds of the performance measure of interest 
([8] gives an efficient algorithm on analysing CTMDP). 

 
Figure 6: The occurrence of non-determinism 

 

3.3. Monte Carlo Simulation 
Monte Carlo methods can also be used to compute 

the system reliability. Most techniques are designed for 
continuous-time models [1] or qualitative analysis [1], but 
adaptation to discrete-time models is straightforward. Each 
component is randomly assigned a failure state based on 
its failure probability. The FT is then evaluated to 
determine whether the TE has failed. Given enough 
simulations, the fraction of simulations that does not result 
in failure is approximately the reliability. 

Quantitative Monte Carlo analysis can be 
performed using the method by Durga Rao et al. [1], 
which can also be applied if the components are 
individually independently repairable. 

Boudali et al. [1] developed a program to analyze 
DFT using Monte Carlo simulation. It allows BE failure 
distributions to change over time, and even based on 
different clocks for different BE, resulting in non-
Markovian models. This is useful when, for example, a 
system takes time to warm up and this affects the failure 
rates. 

If very high performance is required, it is possible 
to construct a hardware circuit to perform Monte Carlo 
Simulations much faster than normal computer simulation. 
Such an approach is described by Aliee and Zarandi [1]. 

4. TYPES OF PARAMETERS OF A DFT 
4.1. Reliability 

The reliability of a continuous-time FT F is the 
probability that it operates for a certain amount of time 
without failing. 

In continuous-time systems, the reliability in a 
certain time period can be calculated by conversion into a 
discrete-time system, taking BE probabilities as the 
probability of failure within the specifed timeframe. 

4.2. Availability 
The availability of a system is the probability that 

the system is functioning at a given time. Availability can 
also be calculated over an interval, where it denotes the 
fraction of that interval in which the system is operational. 
Availability is particularly relevant for repairable systems, 

as it includes the fact that the system can become 
functional again after failure. For nonrepairable systems, 
the availability in a given duration may still be useful. The 
long-run availability always tends to 0 for nontrivial non-
repairable systems, as eventually some cut set will fail and 
remain nonfunctional. 

As the availability at a specific time is a simple 
probability, it is possible to treat the FT as a discrete-time 
FT, by replacing the BE failure distribution with the 
probability of being in a failed state at the desired time. 
The discrete-time reliability of the resulting FT is then the 
availability of the original. Failure probabilities of the BE 
are usually easy to calculate, also for repairable systems. 
Long-term availability of a system can be calculated the 
same way, provided the limiting availability of each BE 
exists. This is the case for most systems. Availability over 
an interval cannot be calculated so easily. Since this 
availability is defined as an integral over an arbitrary 
expression, no closed-form expression exists in the general 
case. Numerical integration techniques can be used should 
this availability be needed. 

4.3. Mean Time To Failure (MTTF) 
The Mean Time To Failure (MTTF) describes the 

expected time from the moment the system becomes 
operational, to the moment the system subsequently fails. 

In repairable systems the time to failure depends on 
the system state when it becomes operational. The first 
time, all components are operational, but when the 
systembecomes operational due to a repair, some 
components may still be nonfunctioning. This difference is 
made explicit by distinguishing between Mean Time To 
First Failure (MTTFF) and MTTF. 

While MTTF and availability are often correlated 
in practise, only the MTTF can distinguish between 
frequent, short failures and rare, long failures. 

4.4. Mean Time Between Failures (MTBF) 
For repairable systems, the Mean Time Between 

Failures (MTBF) denotes the mean time between two 
successive failures. It consists of the MTTF and the Mean 
Time To Repair (MTTR). In general, it holds that 

MTTFMTTRMTBF +=  (1) 
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The MTBF is useful in systems where failures are 
particularly costly or dangerous, unlike availability which 
focuses more on total downtime. For example, if a railroad 
switch failure causes a train to derail, the fact that an 
accident occurs is much more important than the duration 
of the subsequent downtime. The MTTR is often less 
useful, but may be of interest if the system is used in some 
time-critical process. For example, even frequent failures 
of a power supply may not be very important if a battery 
backup can take over long enough for the repair, while 
infrequent failures that outlast the battery backup are more 
important. 

5. CONCLUSION 

Three major quantitative methods for analysis of 
DFT were presented. The first one - with Markov chains 
(CTMC) is only preferable for smaller and less complex 
systems, because the CTMC becomes too large (its size 
grows exponentially with the number of BEs). The other 
two methods are more promising for complex systems. 
The analysis with I/O IMC is harder to implement and 
apply, yet it allows the creation of smaller models 
compared to the method with CTMC. The I/O IMC 
method also allows computation of parameters of DFTs 
with non-determinism. The Monte Carlo method has many 
applications and advantages, but in order to compute 
parameters of a DFT, the hardware, on which this 
simulation is realised, has to be with enough memory and 
processing power in order to benefit from the full potential 
of this method. 
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Risk analysis is a crucial activity to ensure that critical assets, like medical devices and nuclear power plants, 
operate in a safe and reliable way. Fault Tree analysis (FTA) is one of the most prominent techniques, used by a wide 
range of industries. Fault Trees (FTs) are a graphical method that model how failures propagate through the system, that 
is, how component failures lead to system failures. FTA investigates whether the system design is dependable enough. It 
provides methods and tools to compute a wide rage of properties and measures. FTs can roughly be described as directed 
acyclic graphs, whose leaves model component failures and whose gates - failure propagation. Dynamic Fault Trees 
(DFTs) are the best known extensions to Static Fault Trees (SFTs). DFTs are capable of expressing features that are not 
expressible in SFTs, like spare management, different operational modes, dependent events. These properties of DFTs 
make them suitable for many situations, where SFTs cannot be applied. It is therefore wise to be aware of the existing 
software for quantitative analysis of DFTs, as many types of systems can be described using this kind of FTs. This paper 
will examine the computation of failure probabilities and the characteristics of DFTs with two software products - 
DFTCalc, a tool for Input/Output Interactive Markov chain analysis of DFTs and YAMS, a tool for Monte Carlo simulation 
of DFTs. 

Keywords: Risk analysis, Fault tree, simulation, computation, dynamic
1. INTRODUCTION 

Risk analysis is an important feature in reliability 
engineering: in order to design and build transport 
systems, smart grids, and internet shops that meet the 
required dependability standards, we need to assess how 
dependable these systems are, and take appropriate 
measures if they are not dependable enough. This analysis 
is most useful when carried out at design time. Then 
important reliability decisions are made concerning the 
system architecture, the level of redundancy and spare 
management. One method for risk analysis is a type of 
graph - the Fault Tree. 

The known Static Fault Tree cannot model the 
dependability behavior of systems in which the 
consistency of origins of failures is crucial. Dynamic Fault 
Trees (DFTs) extend Static Fault Trees with a number of 
intuitive gates. These gates facilitate the modelling of 
often recurring concepts in reliability engineering: spare 
management, functional dependencies, and order-
dependent behaviour. There are three major methods for 
analysis of DFTs (others also exist) - with Continuous-
Time Markov Chains, with Input/Output Interactive 
Markov Chains and with Monte Carlo Simulation. Each 
method has its advantages and disadvantages. Two 
software products for computation of the parameters of a 
DFT will be presented - DFTCalc and YAMS. DFTCalc 
uses the second method and YAMS uses the third method.  

 

2. COMPUTATION WITH DFTCALC 
DFTCalc can compute a number of different 

reliability metrics. This includes properties such as: 

(1) Timed-Reliability: the probability that the 
system fails until a given time point T or in a given 
interval [T; T']; 

(2) Mean Time To Failure: the expected time to a 
system failure; 

(3) Reliability: the probability that the system fails 
in the long-run. 

In case of nondeterminism, DFTCalc calculates the 
minimum and maximum values for the above metrics. 
Each of these properties can either be evaluated from the 
initial state (i.e. the system is fully functional), or by 
setting evidence (i.e certain components have failed 
already). 

Whereas traditional FTA methods translate a DFT 
into a large and monolithic Continuous-Time Markov 
Chains (CTMC), DFTCalc does this in a stepwise fashion: 
First, DFTCalc translates each element (i.e., gate or BE) 
into an I/O IMC (and thus computation of non-
deterministic). Then, DFTCalc obtains the underlying 
CTMC by composing all I/O-IMCs. DFTCalc composes 
these I/O-IMCs one-by-one, and employs aggressive state 
space compression technique in each step, to keep the state 
space minimal. 

DFTCalc combines dedicated code and the state-of-
the-art model checkers CADP, MRMC and IMCA (Fig. 
1): 

- CADP supports construction, minimisation and 
analysis of IMCs. It compiles and generates the state space 
from a LotosNT [1] specification. The compositional 
verification engine of CADP can compose a network of 
communicating IMCs. The tool set also enables 
minimisation modulo strong and branching bisimulation. 

- MRMC is a model checker for discrete-time and 
continuous-time Markov reward models. 
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Figure 1: View of the web interface of DFTCalc
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- IMCA is a tool for the quantitative analysis of 
IMCs. In particular, it supports the verification of IMCs 
against unbounded reachability, time- and interval-
bounded reachability, expected-time objectives, and long-
run average objectives. 

DFTCalc can be used by downloading a stand-
alone version, and via a web interface. Both are accessible 
at http://fmt.cs.utwente.nl/tools/dftcalc/. DFTCalc is open 
source, but requires a license for CADP, which is free for 
academic institutions. The web interface (Figure 1) is 
realised with the use of PUPTOL and extends the 
downloadable version with a GUI as well as the plot 
function. It allows the user to (1) input DFT models via a 
text screen; (2) select the dependability metrics. This can 
be (a) the reliability for one or more mission times x, or 
(b) the probability on a system failure during an interval 
[T1; T2], or (c) the mean time to failure; (3) set various 

options: which model checker to use; the error bound, the 
level of verbosity, and whether to color output. The results 
can be given either by numbers, via the button show result, 
or as a plot, via the button plot result. The input and 
configuration of the web interface can be saved via the 
button permalink. 

3. COMPUTATION WITH YAMS  

3.1. KB3 
In order to compute the parameters of a DFT with 

YAMS, it has first to be drawn in KB3, part of the project 
Visual Figaro [6], which includes YAMS. The model also 
has to be exported from KB3 to FIGARO0 text file. Figure 
2 shows one such tree. Of the new dynamic gates KB3 has 
only PAND, yet [3] shows equivalent transformations for 
other dynamic gates using the static ones and PAND. 

 
Figure 2: A DFT, drawn in KB3

3.2. Simulation Settings Tab 
Figure 3 gives a view of the main window of 

YAMS with the Simulation Settings Tab active. 
The threshold settings allow to limit the search for 

sequences. 
Certain settings are compulsory because they are 

railings intended to prevent the program from remaining 
blocked in an infinite loop (number of turns in the 
interaction rules and number of fixed time firings), the 
others can be inhibited by using the adjacent checkbox 
(ticking the compartment consists in activating the 
setting).The setting “max turns in interaction rules” limits 
the number of runs of the interaction rules of a stage; if the 
stabilization of the system is not obtained at the end of this 
number of turns, the sequence is stopped and is not taken 
into account for the calculation of the indicators. 

The parameter “max fixed time firings” limits the 
number of successive instant states; if this number is 
exceeded, the sequence is stopped and is not taken into 
account for the calculation of the indicators. 

The setting “max branches” limits the number of 
branches of a sequence (a branch allows to pass from a 
state to the other one); if this number is exceeded, the 
sequence is stopped and is not taken into account for the 
calculation of the indicators. 

The setting “max histories simulated” limits the 
number of histories (of sequences) simulated; if this 
number is reached, the simulation is stopped. 

The setting “max real time (mn)” limits the 
duration of the simulation (user time in minutes); if this 
time is reached, the simulation is stopped. 

At least one of the two latter parameters must be 
active so that the simulation can be launched (existence of 
a stop criterion). 

The instants can be described under two forms: 
- Instant: absolute time from the 0 instant which is 

the beginning of any sequence, 
- Interval: series of instants distributed in an 

interval defined by its time of beginning (T0>=0), its time 
of ending (T1>=T0) and the number of stages of sampling 
(N>0). 
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Example : with T0 = 0, T1 = 10, N = 5, the defined 
instants are : 0, 2, 4, 6, 8, 10. 

“Add Instant”, “Add Interval” and “Delete” buttons 
allow to manage the contents of the list. 

The settings must be modified directly in the list. 
The instants are always added at the head of the list 

and the intervals at the bottom, but the order of definition 
of the instants and of the intervals has no influence on the 
results of simulation. 

- Seed of the pseudo random generator 
The pseudo random generator is a Markovian 

process: every firing is deduced from the precedent. 
By fixing the seed of the generator, we can define 

in a fixed way the successive firings done by the generator 
and thus exactly replay a simulation. 

 

On the other hand, it is possible to have the seed 
pseudo randomly fired (by basing one’s argument on the 
current indication of the clock of the machine). This 
feature is obtained by not ticking the adjacent checkbox. 

- Selected groups 
The displayed groups constitute all the groups 

available in the FIGARO0 model. 
The group ALL (or TOUT for a french FIGARO0 

model) is added to facilitate the acquisition. It groups 
together all the groups of the model. 

The group WITHOUT_NAME (or SANS_NOM 
for a french FIGARO0 model) is not explicitly described 
in the FIGARO0 model but it groups together all the rules 
which are not explicitly associated to a group. 

The selection of the groups is made by using the 
adjacent checkboxes (the group is selected if its 
compartment is ticked).

 
Figure 3: View of the simulation settings in YAMS

3.3. Indicators Tab 
Indicators constitute the data, the calculation of 

which constitutes the purpose of a Monte Carlo 
simulation. Figure 4 shows this tab and its settings.The 
data can be directly defined by a FIGARO0 expression 

(this expression is converted if necessary into a real 
expression) or by using one or several pre-definitions of 
expression in the form of “State” or of “Valuation”. 

The functions represent the results to be restored 
from the valuations of the expression of the indicator on 
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the whole of the simulated histories. The informal 
definitions of these functions are: 

- MEAN: estimates the mean of the indicator which 
is calculated as the average of the indicator values valued 
on the whole of the simulated histories. 

- VARIANCE: estimates the variance of the 
indicator which is calculated as the variance of the 
indicator values valued on the whole of the simulated 
histories. 

- STANDARD_DEV: estimates the standard 
deviation of the indicator which is calculated as the 
standard deviation of the indicator values valued on the 
whole of the simulated histories. 

- CONFIDENCE_INT: half width of the 
confidence interval at 95% around the estimated mean of 
the indicator. 

- MIN %: upper bound the indicator values valued 
on X% of the simulated histories. X is the value typed in 
the associated field. 

- MAX %: lower bound the indicator values valued 
on X% of the simulated histories. X is the value typed in 
the associated field. 

- ALL_VALUES: it is not a calculation of a 
function of the indicator, but it is a command of restitution 
of the exhaustive list of the values obtained by the 
indicator during the simulated histories. 

The kind of the indicator allows distinguishing: 
- GLOBAL which characterizes the indicators 

which are estimated only for the highest date mentioned in 
the acquisition field HISTORY, 

- LOCAL which characterizes the indicators which 
are estimated for all the dates of the history. 

 
Figure 4: View of the Indicators tab in YAMS

3.4. States Tab 
A “State” is defined as a boolean FIGARO0 

expression which operates the variables of the system. The 
expression must be written in the FIGARO language of the 
same language (English or French) as the one of the model 
to be processed. 

A “State” can be qualified as TARGET or as 
ANALYSIS. 

In the case of a TARGET state, the simulation of a 
sequence is stopped at the first state in which the boolean 
expression of at least one of the TARGET states has the 
value TRUE (or VRAI in case of a french FIGARO0 
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model). The state reached thus is considered as an 
absorbing state, so indicators estimated at subsequent 
instants to this stop instant are calculated on this target 
state. 

The main use of TARGET states aims at sparing 
time of calculation by avoiding simulating the evolution of 
the system after the first entry in a group of states when 
you are only interested in the distribution of the date of 
this entry: it is notably the case when you want to make a 
calculation of reliability, without being interested in the 
availability of the modelled system. 

TARGET states and ANALYSIS states can be used 
in the indicators as booleans. 

3.5. Valuations Tab 
A “Valuation” is a FIGARO expression which 

operates the variables of the studied system and which can 
be expressed on a group of objects of the model. The 
expression must be written in the FIGARO language of the 
same language (English or French) as the one of the model 
to be processed. 

The group of objects is defined by one or several 
patterns of search on the name of the FIGARO objects. 

Patterns are placed in the field Objects of the list 
and must be separated by commas ‘,’. 

3.6. Restrictions Tab 
The checkbox “transitions frequency” allows 

asking for the restitutions of the firing frequency of each 
of the transitions of the FIGARO0 model. The frequency 
is restituted in terms of average number of firings by 
sequence; this number can be above 1 (for example for the 
number of failings of a repairable component). 

The tool can also restitute fired sequences by 
distinguishing between the three following kinds of 
sequences: 

− wrong sequences: sequences stopped because of 
errors of various kinds, 

− truncated sequences: sequences stopped because 
of reaching of stop criteria other than the reaching of a 
target state; these criteria are those specified in the tab of 
Simulation Settings, 

− used sequences: sequences used in the calculation 
of the indicators. 

When it is asked by the user, the restitution of the 
sequences in the result file is made in two groups: a first 
group presents the sequences that are not wrong (of the 
last two kinds described above) and a second group 
presents the wrong sequences(of the first kind described). 

Sequences are stored by kind in the order of firing 
and can thus be memorized several times if several firings 
form identical sequences. 

These options are to be used with caution, by 
specifying a reasonable maximal number of histories, 
otherwise the files of generated results will be very large 
and their opening will take a lot of time. 

3.7. Calculation management Tab 
This tab groups together the parameters which have 

no influence (or little influence) on the simulation results, 
and for that reason this tab will not be discussed in this 
paper. 

4. COMPUTATION OF PARAMETERS OF AN 
EXAMPLE DFT 

4.1. Computation with DFTCalc 
Figure 5 shows the example tree. The system fails 

if both the primary (P) and backup (B) fail, or if the 
primary fails when the switch (S) to enable the backup has 
already failed.  

 
Figure 5: An example of a DFT 

 
The MTTF is computed and this is also done for 

unreliability. Figure 6 shows a plot of these parameters, 
made with DFTCalc. The settings are: Compute MTTF to 
16000, step 500. The values for λ for P, B and S are 
respectively 0.0001, 0.0001 and 0.001. MTTF is 
approximately 10833.3 hours. 

 

4.2. Computation with YAMS 
Below is the table with the computed unreliability 

of the example DFT with the following settings: 
- Maximum number of branches per sequence : No 

limit  
- Maximum number of  successive instantaneous 

occurrences : 10  
- Maximum number of turn in interaction rules 

before stabilization of the state : 200  
- Maximum number of histories 10000 
- repairable_system FALSE 
- λ, respectively for P, B and S 0.0001, 0.0001 and 

0.001 
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Figure 6: Plot of the unreliability and hours of operation

Table 1: Results of the Monte Carlo simulation with YAMS 
Instant (Hours) Unreliability 

0 0 
500 0.0125 
1000 0.0394 
1500 0.0747  
2000 0.1134 
2500 0.154 
3000 0.192 
3500 0.2317 
4000 0.2689 
4500 0.3053 
5000 0.3394 
5500 0.3737 
6000 0.4037 
6500 0.4316 
7000 0.4613 
7500 0.4872 
8000 0.5106 
8500 0.5365 
9000 0.5601 
9500 0.5833 

10000 0.6005 
10500 0.6182 
11000 0.6375 
11500 0.6555 
12000 0.6728 
12500 0.6891 
13000 0.7023 
13500 0.7162 
14000 0.7292 
14500 0.7418 
15000 0.7539 
15500 0.7656 
16000 0.7774 

  
It can be noticed that the results for unreliability, 

computed by the two programs, are almost the same. 

6. CONCLUSION 
Two software products for simulation of DFTs 

were presented. The advantage of DFTCalc is that it can 
plot the results and computes directly the MTTF. Its 
disadvantages are that it does not have a graphical utility 
for drawing of trees and it cannot compute parameters of a 
DFT with repairable components. YAMS on the other 
hand is not so user-friendly, it cannot plot the results, does 
not compute the MTTF and computation of non-
deterministic DFTs (which DFTCalc does) is not clearly 
mentioned [6]. KB3 can draw DFTs relatively easy and 
these trees are used as an input for YAMS, which can 
compute parameters of a rapairable DFT. Given the 
forementioned properties of the two products, there is a 
possibility to add new functions if a combination of these 
and other programs is used. 
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A robust identification of output error (OE) models with optimal input design for a case of constrained 
output variance is considered in this paper. In a case when observations have Gaussian mixture distributions, it is shown 
that the proposed robust algorithm for identification of OE models with constrained output, which is based on Huber’s 
function, will give more accurate results in relation to the classical linear algorithm. In a form of the theorem, it is 
shown that an optimal input signal can be achieved by a minimum variance controller whose reference is a white 
noise. The essential problem is that the optimal input depends on the system parameters to be identified. In order to 
overcome this problem, a two-stage adaptive procedure is proposed, where iterations are alternately carried out 
between parameter estimation and experiment design using the current parameter estimates. It is shown that such 
obtained excitation signals result in a significant increasing in a convergence rate. Theoretical results are illustrated by 
simulations. 

Keywords: input design, output error model, constrained output, robust identification algorithm 

1. INTRODUCTION

The area, which deals with obtaining the 
mathematical model of the process, remains vibrant, as 
shown by recent research [1,2]. The main task of the 
theory of identification is the extraction of maximum 
information from the measurements that are available. 
This requirement is realized by optimal experiment design 
[3]. The basic approach consists in minimizing the scalar 
function of the Fisher information matrix [4]. 

The key problem in the optimal input design is 
that the optimal input depends on the unknown system 
properties, which need to be identified. Namely, the Fisher 
information matrix typically depends on system 
parameters. There are two basic approaches to overcome 
this problem. The first approach is based on robust optimal 
experiment design. In this case, the procedure is slightly 
sensitive to the uncertainty of a priori information about 
the system [5]. The basic a priori knowledge of the system 
can be obtained using a nonparametric frequency method 
[6]. The new results in this area cover the case of a finite 
number of model parameters and a very large number of 
measurements. The second approach is based on 
adaptation. One such, two-stage procedure has been 
proposed in [7]. In the first stage, in a short time interval, 
the data are collected using PRBS input. Based on these 
data, a system model is identified, and that is an initial 
model for optimal input design. In the second stage, the 
obtained input signal, by using a minimum variance 
controller and a stochastic reference, is used to generate a 
new data set. Adaptive input design for the ARX models 
has been discussed in [4]. 

In many practical cases, constraints on the 
fluctuation of input and/or output signals are very 
important [8]. For example, in the industrial production, 
product quality must be within certain limits (constraints 
on the fluctuation of the output signal). 

If the constraint is related to the variance of the 
output signal, it is shown that the experiment design is D–

optimal and that the input signal is generated using a 
minimum variance controller together with an external 
stochastic signal [8].  

This paper considers the optimal experiment design 
for output error (OE) models. There is a constraint on the 
output power. When the corresponding noise is modelled 
as the Gaussian stochastic process, it is demonstrated in 
[9] that the presence of feedback is very important. Here,
those results, using the Fisher information matrix, are
extended on the case when the measurement noise is non-
Gaussian. Justification of this approach was confirmed in
practice [10]. Namely, in measurements there are rare,
inconsistent observations with the largest part of
population of observations (outliers). The presence of
outliers can considerably degrade the performance of
linearly recursive algorithms based on the assumptions
that measurements have a Gaussian distribution.
Therefore, synthesis of robust algorithms is of primary
interest. The synthesis is based on Huber’s theory of
robust statistics [10]. Simulation results have shown that
the proposed robust output error (OE) parameter
estimation algorithm, based on the minimization of a
robust criterion, will give more accurate results in relation
to the conventional linear estimation algorithm, based on
the recursive least squares (RLS) method.

It is shown that the optimal input signal can be 
obtained by a minimum variance controller whose 
reference is a white noise sequence with known variance. 
In order to be able to implement the algorithm, adaptive 
approach is applied. A direct adaptive minimum variance 
controller is used. The algorithm has two stages. In the 
first stage, the process parameters are estimated. In the 
second stage, based on thus obtained parameters, it is 
formed the minimum variance controller that generates the 
input signal of the process by which the identification is 
made. Because the reference signal is in the form of white 
noise, parameter estimation is consistent. The paper’s 
results are supported by simulations. 
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2. ROBUST IDENTIFICATION ALGORITHM
FOR OE MODELS

The general form of the OE model is
1

1
( )( ) ( ) ( )
( )

B qy k u k e k
A q

−

−
= +  (1) 

where ( )u k , ( )y k  and ( )e k  are input, output and 

stochastic noise, respectively. Polynomials 1( )A q−  and 
1( )B q− have the form: 

1 1
1

1 1
1

( ) 1

( )

n
n
m

m

A q a q a q

B q b q b q

− − −

− − −

= + + +

= + +





        (2) 

where iq− , i N∈ denotes the backward shift operator i.e. 

( ) ( )iq x k x k i− = − , while ( 1, , )ib i m=  and ( 1, , )ia i n=   
are unknown parameters. 

Practical and theoretical studies have shown that in 
a stochastic model of the system there are some 
observations that are inconsistent with the largest part of 
the population (outliers) [10], and that is why the 
disturbance (measurement noise) ( )e k in the model (1) is a 
non-Gaussian. Hence, the probability density function of 
the disturbance belongs to approximately normal 
distribution class: 

{ }1 2( ) : ( ) (1 ) ( ) ( )p e p e p e p eε ε ε= = − +P     (3) 

in which  
2

1 1( ) (0, ),p e σN 2
2 2( ) (0, )p e σN , 2 2

2 1σ σ . 

In other words, the probability density function ( )p e  
represents a mixture of normal (Gaussian) distributions 
where 2

1σ  and 2
2σ  denote variances. The parameter 

0 1ε≤ <  is called the degree of contamination.    

Let us introduce an auxiliary model 
1

1
( )( ) ( ),
( )M

B qy k u k
A q

−

−
=  (4) 

or in the following form: 

1

1

( ) ( 1) ( )
( 1) ( )

M M n M

m

y k a y k a y k n
b u k b u k m

= − − − − − +

+ − + + −





  (5) 

Since true values of parameters ( 1, , )ia i n=   and 
( 1, , )ib i m=   are unknown, the output of the auxiliary 

model is calculated using estimates of parameters: 

1

1

ˆ ˆ ˆ ˆ ˆ( ) ( 1) ( )
ˆ ˆ( 1) ( )

M M n M

m

y k a y k a y k n

b u k b u k m

= − − − − − +

+ − + + −





     (6) 

Let ˆ( )kθ  be the estimated vector of parameters, and ( )kϕ  
be the observation vector at the moment k : 

1 1̂
ˆˆ ˆ ˆ[ , , , , , ] ,

ˆ ˆ( ) [ ( 1) ( ), ( 1) ( )]

T
n m

T
M M

a a b b

k y k y k n u k u k m

θ

ϕ

=

= − − − − − −

 

 

(7) 

At the moment k , before the estimate ˆ( )kθ  is known, the 
prediction of the model is: 

ˆˆ ( ) ( 1) ( )T
My k k kθ ϕ= − .                       (8)

The problem of identification of the system described by 
(1) can be considered as the task of finding the vector θ̂ ,
such that the mean square criterion:

{ }2ˆ) ( )( E kθ ε=J , ˆ( ) ( ) ( )Mk y k y kε = −        (9) 

is minimized, where {}E ⋅ represents the mathematical 
expectation operator and ( )kε  is the prediction error. 

Since the identification criterion (9) gives same weights to 
all residuals, these sporadic large observations (outliers) 
will have a significant influence on resulting parameter 
estimates. To achieve robustness we will consider the 
robust M-estimation criterion [10]: 

[ ]{ }) ( , )( E kθ ε θ= Φ
R

J     (10) 

in which Φ  represents a robust loss function: 
*( ) log ( )pΦ ⋅ = − ⋅ .         (11) 

By using Huber's min-max approach, it is possible to find 
the least favorable probability density function *( )p ⋅  on a 
class of approximately normal distributions (3): 

( )

2

2
1 1*

2
1 1

1 (k)exp (k)
2 2

(k)
1 exp (k) (k)
2 2

e e k

p e
k ke e k

ε

ε ε
ε

ε
πσ σ

ε
πσ σ

  −  − ≤  
   = 

 −   − − >      

  (12) 

where kε is the Huber function parameter. 

The empirical robust criterion on the observed 
interval, obtained from the relation for sufficiently large k, 
has the form: 

{ }
1

1) ( ( ))(
k

t
k i

k
θ ε

=

= Φ∑J .                (13) 

Expanding ( )k θJ  in the vicinity of the preceding 

estimate ˆ(k 1)θ −  in Taylor series, one obtains: 

( ) ( )
2

ˆ ˆ ˆ( ) (k 1) (k 1) (k 1)

ˆ(k 1)

k k k

O

θθ θ θ θ θ

θ θ

 = − +∇ − − − + 
 + − − 
 

J J J
  (14) 

where 

( )
lim 0
x

O x
x→∞

= .    (15) 

By minimizing the expression (14), it is obtained: 

( ) ( )
( )

12ˆ ˆ ˆ ˆ(k) (k 1) (k 1) (k 1)

ˆ(k 1)

k kk k

O

θ θθ θ θ θ

θ θ

−
   = − − ∇ − ∇ − +   

+ − −

J J
 (16) 
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A recursive form of the robust criterion (13) can be 

obtained as ˆ(k 1)θ θ= −  

1( ) ( 1) ( ) ( ( ))k kk k kθ θ ε−= − +ΦJ J . (17) 

By differentiating the last relation twice one can obtain: 
2 2 '

1( ) ( 1) ( ) ( ( )) ( ) ( )T
k kk k k k kθ θθ θ ε ϕ ϕ−∇ = − ∇ +ΨJ J  (18) 

where '( ) ( )Ψ ⋅ = Φ ⋅ , 1 1( ) : R RΨ ⋅ → . 

Furthermore, the following assumptions will be used: 

a) The estimate ˆ(k)θ is in the vicinity of the estimate
ˆ(k 1)θ −

b) The estimate ˆ(k 1)θ − is optimal at the instant k-1.

After replacing θ  with ˆ(k 1)θ −  in the relation (18), one 
can obtain: 

2 2
1

'

ˆ ˆ( (k 1)) ( 1) ( (k 1))

( ( )) ( ) ( )
k k

T

k k

k k k
θ θθ θ

ε ϕ ϕ
−∇ − = − ∇ − +

+Ψ

J J
 (19) 

From the assumption a) it follows 
2 2ˆ ˆ( (k)) ( (k 1))k kθ θθ θ∇ ≅ ∇ −J J  (20) 

Based on this, the relation (19) takes the form 
2 2

1
'

ˆ ˆ( (k 1)) ( 1) ( (k 2))

( ( )) ( ) ( )
k k

T

k k

k k k
θ θθ θ

ε ϕ ϕ
−∇ − = − ∇ − +

+Ψ

J J
 (21) 

Based on the assumption a) it also follows 

( )ˆ ˆ(k) (k 1) 0O θ θ− − = (22) 

By introducing the notation 2 ˆ(k) ( (k 1))kR k θ θ= ∇ −J  from
relations (16) and (21)  one can obtain: 

( )1ˆ ˆ ˆ(k) (k 1) (k) (k 1)kR k θθ θ θ
−  = − − ∇ − J (23) 

'(k) (k 1) ( (k)) ( ) ( )TR R k kε ϕ ϕ= − +Ψ (24) 

From the assumption b) it follows 1
ˆ( (k 1)) 0kθ θ−∇ − =J . 

Based on this condition, and if ˆ(k 1)θ θ= −  is put in the 
relation (25), one obtains: 

ˆ( (k 1)) ( ( )) ( )kk k kθ θ ε ϕ∇ − = −ΨJ  (25)

Finally, based on relations (23) - (25), using the notation 
1

(k) (k)P R
−

=  and applying the matrix inversion lemma, 
one can obtain the definitive form of a recursive 
algorithm: 

ˆ ˆ(k) (k 1) (k) ( ) ( ( ))P k kθ θ ϕ ε= − + Ψ  (26) 

1'

(k 1) ( ) ( ) (k 1)P(k) (k 1)
( (k)) ( ) (k 1) ( )

T

T

P k k PP
k P k

ϕ ϕ

ε ϕ ϕ
−

− −
= − −

 Ψ + − 

(27) 

ˆ(k) (k) (k 1) ( )Ty kε θ ϕ= − −   (28) 

{ }( ) min , sgn( )x x k xεΨ = (29) 

' 1
( )

0
x k

x
otherwise

ε <
Ψ = 


(30) 

The function defined by the relation (29) is the Huber 
function [10]. It is derived for a class of distributions (3). 
It is shown on Figure 1. 

Figure 1: Nonlinear function of residuals 
a) Huber’s function
b) Derivative of Huber’s function

3. OPTIMAL INPUT DESIGN FOR OE MODELS
Further, we will consider a special case of the model (1): 

1
1 1

1 1( ) ( ) ( ) ( 1) ( )
( ) ( )

b q by k u k e k u k e k
A q A q

−

− −
= + = − + .     (31) 

In this case the parameters 1b  and ( 1, , )ia i n=  are 
estimated. 

The Fisher information matrix can be defined as [4]: 

log ( ) log ( )T

Y
p Y p Y

M E β
β β

β β

  ∂   ∂  =     
∂ ∂     

            (32) 

Based on N measurements, the vector of outputs is 

[ ](1) ( ) TY y y N=  . Parameter vector β  has the 
form: 

2 TT
eβ θ σ =                                                          (33) 

where 2
eσ represents the variance of the noise ( )e k , and 

1
T Ta bθ  =    in which 1[ ]T

na a a=  . 

Since N  is large, it is more convenient to work with the 
average value of the Fisher information matrix:  

1lim
N

M M
N→∞

=     (34) 

We shall principally use the determinant of the average 
information matrix as the design criterion leading to the 
following form of D-optimal criterion: 
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log det M= −J .       (35) 

Minimization of the scalar cost function (35) relies upon 
the calculation of the matrix M . 

Lemma 1. [[11], pp. 232] Let ( ), ,Ω ΡF be a probability 
space. Suppose also that there is a subalgebra 

1F ( )1 ⊆F F . Then

{ }{ } { }
1

E E Eξ ξ ξ=F ▄                          (36) 

Lemma 2. [[8], pp. 244] Let M  be a positive definite 
matrix with unit diagonal elements 1iiM = , 1, ,i n=  , 

then det M  achieves its maximum value for M I=   ▄ 

We will now formulate the optimal input in the form of the 
theorem. 

Theorem 1. Suppose that for OE model (31), the 
following conditions are fulfilled: 

1    Stochastic noise ( )e k  represents a zero mean 

Gaussian mixture with variance 2
eσ , 

2   A constraint on the output is { }2 ( )E y k W≤ ,

(0, )W ∈ ∞ . 

Then the criterion log det M−  achieves its minimum 
value if the system input ( )u k is generated by the 

minimum variance controller which reference is a zero 
mean white noise sequence { }( )kη with probability 
density function 

( )21
1 2( )

2

b
Wbp e

W

η

η
π

−
= ▄   (37) 

Proof: Let us define the residual sequence as: 

1 1( ) ( ) ( 1) ( ) ( 1)M n Mk y k a y k a y k n b u kε = + − + + − − −  (38) 

Since we consider N  observations, the likelihood function 
would be: 

( ) ( )( )1 2
1

( ) (1 ) ( ) ( )
N

k

p Y p y k p y kβ ε ε
=

= − +∏ .         (39) 

After some calculations, according to Lemma 1, the mean 
value of the Fisher information matrix can be expressed 
as: 

2 2
1 1

2 4
1 1

2 2
2 2

2 4
2 2

1 ( ) ( ) 1
2

( ) ( ) 1
2

TT

TT

k kM E

k kE

ε ε ε σ σ
β β β βσ σ

ε ε ε σ σ
β β β βσ σ

       − ∂ ∂ ∂ ∂ = + +           ∂ ∂ ∂ ∂        
       ∂ ∂ ∂ ∂ + +            ∂ ∂ ∂ ∂        

(40) 

From relations (33), (38), and (40) one can obtain 

2

2
2

2

2

( 1) ( 1) ( ) ( 1) ( 1) 0

1 ( ) ( 1) ( ) ( 1) ( ) 0

( 1) ( 1) ( 1) ( ) ( 1) 0

0 0 0 1 2

M M M M

M M M M
e

M M

e

y k y k y k n u k y k

y k n y k y k n u k y k nM E
u k y k u k y k n u k

σ

σ

 − − ⋅ − − − −
 
 
 − ⋅ − − − − −=  
 − − − − − − −
 
 
 



    







(41)   

where the sub-matrices correspond to the partitioning of 

the parameter vector β into 2
1

TT
ea b σ 

  , in which 2
eσ

represents the variance of Gaussian mixture noise. 

The relation (41) can be written in a form that is more 
compact: 

2
2

0
1 0

0 0 1 2

T

e
e

A B

M B C
σ

σ

 
 

=  
 
  

        (42) 

The following task is to determine elements of the matrix 
M  in the relation (42). 

Step 1 (Determining the matrix A ) 

Let us define 

{ }( ) ( )M M i jE y k i y k j ρ −− −  (43) 

Based on the relation (43) the matrix A can be presented 
in the following form: 

0 1 1

1 0 2

1 2 0

n

n

n n

A

ρ ρ ρ
ρ ρ ρ

ρ ρ ρ

−

−

− −

 
 
 =
 
 
 





   



  (44) 

From relations (4) and (31) it follows: 

1 1( ) ( 1) ( ) ( 1) ( )M n My k a y k a y k n b u k e k= − − − − − + − + (45) 

After multiplying the relation (45) with 
( ), 1, ,My k i i n− =   and applying the mathematical 

expectation operator to the obtained system of n  
equations, one can obtain: 

1V Af Bb= − +               (46) 

where 1[ ]T
na a a=  , 1 2[ ]TnV ρ ρ ρ=  . 

Finally, it follows from the relation (46) that: 
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( )
1

1B Af V
b

= +    (47) 

Step 3 (Determining the scalar C ) 

From the relation (4) one can get the input signal ( )u ⋅ : 

[ ]1
1

1( 1) ( ) ( 1) ( )M M n Mu k y k a y k a y k n
b

− = + − + + −       (48) 

Scalar C  is defined as: 

{ }2 2
12

1
2 2

1 1 1

2 2
1

1( 1) ( ) ( 1) ( ) ( ) ( )

( ) ( 1) ( 1) ( 1) ( )

( ) ( ) ( 1) ( ) ( )

M M M n M M

M M M n M M

n M M n M M n M

C E u k E y k a y k y k a y k n y k
b

a y k y k a y k a a y k y k n

a y k n y k a a y k y k n a y k n

= − = + − + + − +

+ − + − + + − − +

+ − + − − + + − 









(49) 

After arranging individual terms of (49), the finally 
expression for the scalar C  is given by: 

{ } ( )2
02

1

1( 1) 2 T TC E u k aV a Aa
b

ρ= − = + +  (50) 

Since, all elements of the matrix M  (relation (42)) are 
now known, one can obtain: 

( )1
2

1det det det
2

T

e
M A C B A B

σ
−= ⋅ −      (51) 

Now, it can be shown that: 

( ) ( )2 1 2
0 1

log det

log 2 log det log log .T
e

M

A V A V bσ ρ −

− =

− − − +
    (52) 

In accordance with the condition 2 of the Theorem 1, we 
have 0 ,Wρ =  so the diagonal elements of the matrix A  
are fixed. Based on Lemma 2 it follows that ( )log det A−  
has a minimum value when A  is the diagonal matrix. This 
means that 0, 0i iρ = > , which further gives 0V = . 
Because of this, the third term of the equation (52) has a 
minimum value ( )log W− . We finally get 

{ }
2 2

1
1

2
min log det log e

n
b

M
W
σ

+
− =     (53) 

It is necessary to note that 0, 0i iρ = >  is achieved when 

{ }( )y k  is an uncorrelated sequence. This condition is 
fulfilled if the input signal is chosen in the following form: 

[ ]1
1

1( ) ( ) ( 1) ( )M n Mu k a y k a y k n k
b

η= + + − + +          (54) 

where ( )kη  is a reference signal that represents white 

noise with variance 2
1W b . The relation (54) represents the 

minimum variance controller for the model (31). This 
theorem is proved. ▄

This result also shows that the optimal input design 
requires knowledge of the true system parameters. In 
practical conditions, however, such a requirement is 
contradictory because the optimal input design is 
performed in order to speed up the identification process. 

In other words, it is impossible that unknown system 
parameters are known a priori. In a real application this 
fact must be handled. In order to overcome this problem a 
two-stage adaptive procedure is proposed: 

A) By using PRBS signal as input, through
initN iterations, the initial model of the process is

determined,

B) After that, through optN iterations, adaptation is
applied for the controller defined in Theorem 1.

In the section devoted to simulations, the 
proposed two-stage algorithm will be compared with the 
open loop system identification algorithm with the PRBS 
input signal. 

4. SIMULATION RESULTS

The proposed two-stage identification algorithm 
is tested on the following OE model: 

1

1 2
0.5( ) ( ) ( )

1 0.7 0.5
qy k u k e k

q q

−

− −
= +

− +
     (55) 

The system identification example, is based on 
measured 1000 input-output data points obtained during 
the simulations. The measurement noise ( )e k has non-
Gaussian distribution defined by: 

{ }( ) : ( ) (1 0.1) (0,0.1) 0.1 (0,10)p e p eε = = − +P Ν Ν       (56) 

Figure 2 shows system input and corresponding system 
output when the robust two-stage identification algorithm 
is used. First 200 iterations, the system works in an open 
loop, with PRBS as the input signal. Then it switches 
feedback in the range of iterations 200-1000. 

Figure 2: Adaptive input and corresponding output 
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Simulation results have illustrated significant 
increasing of accuracy in parameter estimates of OE model 
by using the robust identification algorithm in relation to 
the linear identification algorithm with PRBS [-1,1] as an 
input signal. Furthermore, it can be seen that the 
convergence rate of the robust algorithm is further 
increased by using the optimal input design, which further 
increases the practical value of proposed robust procedure.  

Figures 3 and 4 show parameter estimates in the case 
where the output variance cannot be greater then 0.5W = . 

Figure 3: Estimates of parameters 1a  and 2a  

Figure 4: Estimate of parameter 1b  

The simulation results are compared in terms of 
mean square errors (see Figure 5), defined by 

2ˆln E ( ) ( )MSE k kθ θ = − 
 

  (57) 

Figure 5: Mean square errors 

Based on these figures, it can be concluded that 
experiment design increases the convergence speed of 
parameters to true values, keeping the given output 
varianceW . 

5. CONCLUSION

In this paper the optimal input design for robust 
identification of a special case of OE models, in the case 
of constrained output variance, has been considered.  

Simulation results have shown that the proposed 
robust OE parameter estimation algorithm, produces more 
efficient parameter estimates in relation to the 
conventional linear algorithm. 

Also, it is shown, that the optimal input is 
obtained by using the minimum variance controller and the 
stochastic reference signal. The adaptive two-stage 
procedure for generating the input signal is proposed. The 
initial model of the process is firstly obtained using PRBS 
input signal. In the second stage, the optimal input signal 
is generated by the minimum variance controller together 
with the stochastic reference. Simulation results have 
shown the superiority of the robust identification 
algorithm using proposed adaptive methodology for 
generating the optimal input signal. 
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The aim of this paper is to present effect of initial conditions on choice of optimal parameters in computer 
automatic control system of an selected actual plant. Considering is made in a parameter plane wherein the area 
of formerly guaranteed relative damping coefficient of all closed-loop poles is separated. A performance index is 
chosen to be sum of error squared (SSE), taking into account of arbitrary initial conditions. 

Experimental results obtained on coupled-tanks plant are provided. 

Keywords: conditional optimization, performance index, computer control system

1. INTRODUCTION

Over 95 % of coexisting practical industrial 
applications use PID (or PI as a special case) control 
algorithms and thus the suitable PID control design is still 
very actual, especially for systems under some 
nonlinearities, perturbations, or time-variant behaviour. 
Without any doubts, the ultimately primary and 
fundamental requirement of all applications is the stability 
of closed control loop, [1]. 

For the continuous-time PID controllers, in many 
works collected in [2], the stability regions in the space of 
the gains of the PID controllers are determined. A nice and 
simple procedure is also given in [3] that requires less 
numerical computations. One procedure is presented in 
[4], where the result of the parameter space approach [5] is 
used to derive the stability domain of PID controllers. 

Nevertheless, PID controllers are very often 
implemented digitally using microprocessors [6]. Research 
on the stability of digital control system goes back to early 
1960’s, when stability of such system was investigated. In 
[7, 8] the results of [2] are generalized to the case of 
digital PID controllers. 

 The aim of this work is to show that integral 
criterion has different value when we take into account 
non-zero initial conditions from value of the same integral 
criterion at zero initial conditions. At the same time, and 
more important, optimal controller gains can have 
drastically different values when we take into account 
nonzero initial conditions from values that we get at zero 
initial conditions. 

In many papers, as in [9, 10, 11], are assumed zero 
initial conditions for calculation of actual system output. 
The past and the present of a dynamic system are 
contained in a initial conditions. That same initial 
conditions together with the external input fully determine 
the output of the system. Initial conditions cannot be 
chosen and they are, usually, totally unpredictable. 
Complete analysis of continious linear time invariant 
systems with nonzero initial conditions is presented in 
[12]. 

2. EXPERIMENTAL SETUP
The Coupled Tanks plant is a “Two-Tank” module 

made up of a pump with a water basin and two tanks. The 

two tanks are built in the front panel such that flow from 
the first (i.e. upper) tank can flow, through an outlet orifice 
located at the bottom of the tank, into the second (i.e. 
lower) tank. Flow from the second tank flows into the 
main water basin. To name a few, practical industrial 
applications of such Coupled-Tank structure can be found 
in the processing system of petro-chemical, paper making, 
and/or water treatment plants, [13]. 

Two experiments will be performed. Goal in the 
first experiment will be to manage the level of water  in the 
second tank whereby the optimal controller parameters 

pK  and IK  will be derived at zero initial conditions. In a 
second experiment our aim is also to maintain a level of 
water in the second tank, only in that case the optimum 
parameters of the controller pK  and IK  will be obtained 
at nonzero initial conditions. While the optimal parameters 

pK  and IK  will be different in first and second 
experiment, both experiments will be conducted with the 
same nonzero initial conditions. 

Figure 1: The Coupled Tanks plant 
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3. MATHEMATICAL MODELING

In order to obtain the mathematical model of 
Coupled-Tank system it is necessary to bring to mind that 
the pump feeds into tank 1 and that tank 2 is not 
considered. Thus, the input to the process is the voltage to 
the pump pV  and its output is the water level in tank 1, 

1H  (i.e. top tank). The purpose of the present modelling 
stage is to assure us with the system’s open-loop transfer 
function ( )1W z  and ( )2W z  which in turn will be used to 
design an appropriate level controller. In obtaining the 
tank 1 equation of motion the mass balance principle can 
be applied to the water level in tank 1, i.e. 

1
1 1 1

d
dt i o
HA Q Q
t
= − , (1) 

where 1tA is the area of tank 1 while 1iQ  and  1oQ  are the 
inflow rate and outflow rate, respectively. The volumetric 
inflow rate to tank 1 is supposed to be directly 
proportional to the applied pump voltage, such that 

1i pQ KV= . (2) 
Applying Bernoulli’s equation for small orifices, 

the outflow velocity from tank 1, 1oV , can be expressed by 
the succeeding relationship 

1 12oV gH= . (3) 
In order to design and implement a linear level 

controller for the tank 1 system, the open-loop Laplace 
transfer function should be obtained. Nevertheless, by 
definition, such a transfer function can only express the 
system’s dynamics from a linear differential equation. 
Because of that, the nonlinear equation of motion of tank 1 
should be linearized around a nominal point of operation. 
By definition, static equilibrium at a nominal operating 
point ( )1,pnom nomV H  is presented by the tank 1 level being 

at a constant position 1nomH  due to a constant water flow 
generated by constant pump voltage pnomV . In the case of 
the water level in tank 1, the operating range corresponds 
to small deviations heights, 1h , and small deviations 
voltages, pv , from the desired nominal point 

( )1,pnom nomV H . Therefore, 1h  and pv  can be expressed as 
shown below 

p p pnomv V V= − , (4) 

1 1 1nomh H H= − . (5) 
The derived linearized equation of motion should 

be a function of the system’s small deviations about its 
nominal point ( )1,pnom nomV H . After linearization we get 

( ) ( )
( )

1 1
1

1 1
dc

p

H s K
W s

V s sτ
= =

+
, (6) 

where 1dcK  and 1τ  are tank 1’s gain and time constant, 
respectively. Expression (6) represents tank 1’s voltage-to-
level 1 transfer function. 

The water level equation of motion in tank 2 still 
needs to be obtained. The input to the tank 2 process is the 
water level, 1H , in tank 1 (generating the outflow feeding 
tank 2) and its output variable is the water level, 2H , in 
tank 2 (i.e. bottom tank). The obtained equation of motion 

should be a function of the system’s input and output, as 
previously defined.  

By implementing a similar procedure by which 
we obtain tank 1’s transfer function, now we get 

( ) ( )
( )

2 2
2

1 2 1
dcH s K

W s
H s sτ

= =
+

, (7) 

where 2dcK  and 2τ  are tank 2’s gain and time constant, 
respectively. Expression (7) represents tank 2’s level 1-to-
level 2 transfer function. 

Discretization of continuous time system is 
showed on figure 2. 

Figure 2: s-block diagram of discrete system 

Zero-order hold assumes the control inputs are 
piecewise constant over the sampling period T . Applying 
zero-order hold method for finding z-transform of plant’s 
s-transfer function we get following results

( ) 2
1

1

cW z
z c

=
−

, (8) 

and 

( ) 4
2

3

cW z
z c

=
−

, (9) 

where 1c , 2c , 3c  and 4c  are corresponding real constants. 
Model verification of first tank discrete model is showed 
on figure 3. 

Figure 3: Verification of first tank discrete model 

The transfer function of whole process is obtained by 
following relationship 

( ) ( ) ( )1 2pW z W z W z= . (10) 
Verification of whole plant’s discrete transfer 

function model is showed on figure 4. 
Transfer function of discrete PI controller is 

obtained by using trapezoid rule 

( )
( )2 T T 2

2 2
p I I p

c

K K z K K
W z

z
+ + −

=
−

, (11) 
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Figure 4: Verification of coupled tanks discrete model 

where pK  and IK  are constants of proportional and 
integral gain, while T is the sampling period. Now we 
have z-block diagram of the same system. 

Figure 5: z-block diagram of discrete system 
Transfer function of system showed on figure 5 is equal to 

( ) ( )
( )

1 ( ) ( )
c p

c p

W z W z
W z

W z W z
=

+
, (12) 

and this transfer function is used from now on. 

4. RELATIVE STABILITY
In the design of sampled-data control system the 

characteristic polynomial have parameter dependent 
coefficients, and  it is essential to determine the ranges of 
parameter values which ensure the system relative 
stability. Sampled-data control systems can be analyzed in 
both the s  and z  planes. Siljak [14] proposed the 
following procedure for the determination of the 
parameters α  and β  which are actually in our case pK  
and IK , respectively. 

If the analysis is to be carried out in the s  plane, 
the characteristic equation is given as 

( )T T

0
0

n
s ks

k
k

f e a e
=

= =∑ , (13) 

where  ka  ( )0,1,...,k n=  are real coefficients. In order to 
discuss sampled-data systems in the z  plane, it is essential 
to introduce the substitution 

Tsz e= , (14) 
and rewrite (13) as 

( )
0

0
n

k
k

k
f z a z

=

= =∑ . (15) 

By substituting 
21z z z zz jς ω ω ς= + − , (16) 

into (15), (15) can be rewritten as following two equations 

( )
0

0
n

k
k z k z

k
a Tω ς

=

=∑ , (17) 

( )
0

0
n

k
k z k z

k
a Uω ς

=

=∑ , (18) 

where ( )k zT ς  and ( )k zU ς  are the Chebyshev functions of 
the first and the second kinds, respectively. The argument 
of these functions is denoted by zς ( )0 1zς≤ ≤ . By using 
the relation 

( ) ( ) ( )1k z z k z k zT U Uς ς ς ς−= − , (19) 
(17) and (18) can be further rewritten as

( )1
0

0
n

k
k z k z

k
a Uω ς−

=

− =∑ , (20) 

( )
0

0
n

k
k z k z

k
a Uω ς

=

=∑ . (21) 

Equations (20), (21) have an advantage over 
equations (17), (18) in that they use only one kind of the 
Chebyshev functions and the design procedure is much 
easier.  

Now, we consider the case when the coefficients 
ka  ( )0,1,...,k n=  are linear functions of system 

parameters α  and β  

k k k ka b c dα β= + + . (22) 
Equations (20), (21) may be written in the form 

( ) ( ) ( )1 1 1, , , 0z z z z z zB C Dα ω ς β ω ς ω ς+ + = , (23) 

( ) ( ) ( )2 2 2, , , 0z z z z z zB C Dα ω ς β ω ς ω ς+ + = , (24) 
where 

( )1 1
0

n
k

k z k z
k

B b Uω ς−
=

= −∑ , (25) 

( )2
0

n
k

k z k z
k

B b Uω ς
=

= ∑ , (26) 

( )1 1
0

n
k

k z k z
k

C c Uω ς−
=

= −∑ , (27) 

( )2
0

n
k

k z k z
k

C c Uω ς
=

= ∑ , (28) 

( )1 1
0

n
k

k z k z
k

D d Uω ς−
=

= −∑ , (29) 

( )2
0

n
k

k z k z
k

D d Uω ς
=

= ∑ . (30) 

Equations (23), (24) may be solved for unknowns 
α  and β  which gives us following expressions for 
parameters α  and β  

1 2 2 1

1 2 2 1

C D C D
B C B C

α
−

=
−

, (31) 

2 1 1 2

1 2 2 1

B D B D
B C B C

β
−

=
−

. (32) 

Because attention is primary focused on the 
relative damping coefficient ς , or the undamped (natural) 
frequency nω , it is important to replace the complex 
variable s  in (13) with following expression 

21n ns jςω ω ς= − + − . (33) 
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Then from (14), (15), (16) and (33) zω  and zς
may be expressed as follows 

Tn
z e ςωω −= , (34) 

2cos T 1z nς ω ς= − . (35) 
Substituting (34), (35) into (25)-(30), gives us 

following expressions 

( )T 2
1 1

0
cos T 1n

n
k

k k n
k

B b e Uω ς ω ς−
−

=

= − −∑ , (36) 

( )T 2
2

0
cos T 1n

n
k

k k n
k

B b e Uω ς ω ς−

=

= −∑ , (37) 

( )T 2
1 1

0
cos T 1n

n
k

k k n
k

C c e Uω ς ω ς−
−

=

= − −∑ , (38) 

( )T 2
2

0
cos T 1n

n
k

k k n
k

C c e Uω ς ω ς−

=

= −∑ , (39) 

( )T 2
1 1

0
cos T 1n

n
k

k k n
k

D d e Uω ς ω ς−
−

=

= − −∑ , (40) 

( )T 2
2

0
cos T 1n

n
k

k k n
k

D d e Uω ς ω ς−

=

= −∑ . (41) 

If these equations are used in (31), (32) α  and β  
are expressed as functions of nω  and ς . Thus, (31) and 
(32) may represent in the parameter plane the loci of
points corresponding to the roots with constant damping
coefficient ( ς  curve), with constant undamped (natural)
frequency ( nω  curve), or with constant settling time ( zω  
curve), depending on which variable among ς , nω  and 

zω  is considered constant. The loci of points 
corresponding to constant real roots, which represent the 
real-root boundaries in the parameter plane, are derived 
from the characteristic equation. If the z  plane is 
considered, the substitution 

zz σ= , (42) 
in (13) yields the real-root boundary as 

0 0 0
0

n n n
k k k

k z k z k z
k k k

b c dα σ β σ σ
= = =

+ + =∑ ∑ ∑ . (43) 

For a given zσ  this equation represents a straight 
line in the αβ  plane which will be called zσ  line. A linear 
sampled-data control system is stable if there are no roots 
of the characteristic equation (13) outside the unit circle. 
To investigate the absolute stability in the parameter plane, 
it is necessary to map the unit circle onto the αβ  plane by 
using (31), (32) and (43).  

If we take into consideration 1zσ = , that means 
that we wish all roots of characteristic equation to lie in 
unit circle. In that case radius is equal to one. When the 
radius is chosen small enough, the roots of characteristic 
equation are located close to the origin of the z-plane and 
in that case the control system behaves like a dead-beat 
control system, whose transient response settles down fast, 
[15].  

Applying all previous analysis we get region in 
parameter plane where system have damping coefficient 

0.7ς = or bigger, which is showed on figure 6. Denotation 

0.7 (3,0)Γ  means that all three roots of characteristic 
equation (15) lie within unit circle in z plane. 

Figure 6: Region of relative stability 

5. SYSTEM OPTIMIZATION
In general, the idea behind time domain 

optimization methods is to choose the PID controller 
parameters to minimize an integral cost functional, [16]. 

A design is performed on the basis of conditional 
optimization. The goal is to find a position of working 
point which assure minimum value of performance index 
and at the same time, relative stability to be satisfied. A 
position of working point in parameter plane determines 
relative stability and also minimal value of performance 
index in these cases.  

In general, it is requested for a system output 
change ( T)y k  to vary as little as possible from the change 
of the wanted output ( T)dy k  during a time interval. 
Integral square error may be expressed as function of the 
z-transform of quantity ( T) ( T) ( T)de k y k y k= −  depending 
on the means by which system is investigated 

2

0 0
( T) ( T) ( T)

k k
I e k e k e k

∞ ∞

= =

= =∑ ∑ . (44) 

As we know, inverse z-transform may be found using 
following expression 

{ }1 11( T) ( ) ( ) d
2

k

C

e k E z E z z z
jπ

− −= = ∫ , (45) 

where C  is circle in z-plane. So, expression (44) becomes 
1

0

1( T) ( ) d
2

k

k C

I e k E z z z
jπ

∞
−

=

= ∑ ∫ , (46) 

1

0

1 ( ) ( T) d
2

k

kC

I E z e k z z
jπ

∞
−

=

= ∑∫ , (47) 

( )1

0

1 ( ) ( T) d
2

k

kC

I E z e k z z
jπ

∞
− −

=

= ∑∫ , (48) 

1 ( )

0

1 ( ) ( T) z d
2

k

kC

I E z e k z z
jπ

∞
− − −

=

= ∑∫ , (49) 

By definition of z-transform we have 

0
( ) ( T) k

k
E z e k z

∞
−

=

= ∑ . (50) 

In order to minimize integral cost functions (49), 
Parseval’s theorem can be invoked to express the time 
functions in terms of their z-transforms, [17]. 

1 11 ( ) ( ) d
2 C

I E z E z z z
jπ

− −= ∫ . (51) 

Taking into account Cauchy residue theorem a 
value of the preceding expression is determined by sum of 
integrand residues for its poles enclosed by the contour C . 
As parameters α  and β  are determined so that all poles 
of ( )W z  and ( )E z  lie in the unit circle of the plane z , it 
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means that no one pole of ( )1E z−  is encircled by contour
C , and then performance index can be calculated as 
follows 

*

1 1

|
1
Res ( ) ( )

r

n

z z
r

I E z E z z− −

=
=

 =  ∑ , (52)

where *
rz  is root from 1 ( )z E z− . It means calculation of 

integral along the contour C  is substituted to calculation 
of integrand residue in its poles enclosed by this contour. 
Residues in complex poles of some rational function with 
real coefficients appear in conjugate-complex pairs. After 
summation of these residues  their imaginary parts annul 
and real parts only remain. It is phisicaly clear as sum of 
residues represents SSE, that performance index I  must 
be positive real quantity. 

After shading decomposition curve 0.7Γ  and

calculating performance index I  for span of 
] [0,0.068nω ∈  we find optimal values 0.1576pK = , 
0.005121IK =  for zero initial conditions 1(0) 0h = , 

2 (0) 0h = . 
When we want to take into account nonzero 

initial conditions 1(0) 0.003h = − , 2 (0) 0.005h = −  then we 
do z-transform of system difference equation by using 
following well known formula 

{ }
1

0
( ) ( ) ( )

n
n n k

k
x k n z X z z x k z

−
−

=

+ = − ∑ . (53) 

Now we find new ( )E z  in which exists nonzero 
initial conditions. Using this new ( )E z , and calculating 
performance index I  using (52) new optimal controller 
gain values are 0.1476pK = , 0.004921IK = . 

Figure 7 shows the experimental results obtained 
for the two sets of parameters pK  and IK  at the zero and 
nonzero initial conditions. 

Figure 7: Experimental results 

6. CONCLUSION
In many papers choice of optimal controller gains 

was carried out only on the basis of effect of inputs on 
behaviour of dynamic system, while the effect of initial 
conditions were neglected. 

Effect of initial conditions on behaviour of every 
dynamic system must be taken into account in the process 
of finding optimal values for controller gains. 

This paper presented methods for design of 
standard discrete PI controller with two adjustable 
parameters pK  and IK  taking into account of arbitrary 
initial conditions. Values of controller gains pK  and IK
which guarantee damping ratio of all closed loop poles to 
be greater or equal to 0.7 have been extracted. 

Experimental results obtained on coupled tanks 
plant clearly shows that when initial conditions of plant 
are not zero, controller parameters derived taking into 
consideration initial conditions will provide optimal 
behaviour of system which is not guaranteed with 
controller parameters obtained at the zero initial 
conditions. 
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The aim of this paper is to present effect of initial conditions on choice of optimal parameters of standard PI 
controller and PI controller with set-point weight (two-degrees of freedom PI controller).  Analysis is based on conditional 
optimization in the sense of formerly guaranteed relative damping ratio of all closed-loop poles and, in second case, 
formerly guaranteed phase margin, where additional optimization is carried away in the sense of integral criterions – 
integral of error squared (ISE) and integral of time absolute error (ITAE), taking into consideration initial conditions. 
Experimental results obtained on coupled-tanks plant are provided. 

Keywords: Conditional optimization, Initial conditions, PI controller, Two-degree of freedom PI controller
1. INTRODUCTION

PID controllers are one of the most common and 
most widely used tools for control, especially in industrial 
processes. In process control, more than 95 percent of the 
control loops are PID type; most of them are PI. They are 
based on the concept of negative feedback, which is 
intuitive, they have simple structure and their working 
principle is easy to understand, [1]. 

Performance of the control loop depends on the 
choice of PID gains. Many formulas for PID-type control 
design are developed after the publication of the 
straightforward Ziegler - Nichols tuning rule in 1942. 
These design methods differ in complexity, flexibility and 
in the amount of process knowledge used, [2, 3]. 

Characteristic polynomial of the single-control loop 
with plant and PI controller will, normally, have two 
adjustable parameters, which are proportional and integral 
gain. 

The set of controllers of a given structure that 
stabilizes the closed loop is of fundamental importance, 
since every design must belong to this set and any 
performance specifications and any performance 
specifications that are imposed must be achieved over this 
set, [4]. 

Hurwitz conditions can provide us with a set of 
non-equalities that must hold in order for adjustable gains 
in order for closed-loop to be stable. Those non-equalities 
can be highly nonlinear. Neimark's D-decomposition is 
graphical technique for determining a set of all stabilizing 
values of two adjustable parameters. Today, one can find a 
number of significant results on PID stabilization, which 
are suitable for computer calculations, [5, 6, 7]. 

In order to perform conditional optimization, one 
focuses on specific subset of all stabilizing controller gains 
which provides certain closed-loop quality, not only 
stability. With control theory development, many papers 
have been also concerned with finding regions of PID 
controller parameters which guarantee not only stability, 
but robust performance, as in [8], where parametric 
approach was used to design PID controller satisfying H∞  
constraints, or to design PID satisfying phase and gain 
margin,  thus demanding relative stabilization, [9]. 

If analytical expressions cannot be obtained for 
specific subsets, using computer, we can even perform 
brute force optimization search. Nevertheless, the fact that 
we are confined to the search in the stabilizing region 
makes the problem orders of magnitude easier, [4]. 

Design specifications imposed for PI controlled 
plant are usually concerned with disturbance rejection and 
good transient response to set-point changes, [1]. Measure 
for how good is transient response to set-point changes is 
often given as a cost function of the form of an integral of 
error, [10]. 

PI controller gains obtained by optimization based 
on the integral of error will probably result in low 
robustness of closed-loop control system, and/or bad 
disturbance rejection. Using two-degree-of-freedom 
(2DoF) controller, both objectives can be met, since set-
point weight provides additional flexibility to the control 
system design, [11]. 

One graphical method that gives analytical 
expressions for determining a set of all PI controller 
parameters which guarantee that closed-loop poles will 
have relative damping ratio greater of equal to prescribed 
is described in, [12]. 

Analytical solutions that Siljak produced describe 
procedure for plotting the locus in the plane of adjustable 
parameters, in the parameter plane, as he called it, which 
guarantee relative damping coefficient of all transfer 
function poles to be greater or equal than some prescribed 
value. 

Following mainstream of the system and control 
theories, many papers, as [13, 14, 15] assumed zero initial 
conditions for calculation of actual system output. 

The past and the present of a dynamic system 
influences its future behaviour. If the system is without 
memory and without time delay, then the initial conditions 
express and transfer in the very condensed form, the 
permanent influence of the system past on its future 
behaviour. Evidently, the past is untouchable; the initial 
conditions cannot be chosen, even they are most often 
unpredictable. The influence of the system past is 
unavoidable; the initial conditions are imposed by the 
system history regardless of forms and intensities of 
current actions of the input variables.  
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When we wish to study the real system behaviour 
then we may not avoid to consider the influence of the 
initial conditions, [16]. It is, normally, expected that 
integral criterion has different value when we take into 
account non-zero initial conditions of input and output 
variables. More important, optimal controller gains, 
optimal in the sense of particular integral criterion, when 
we take into account non-zero initial conditions, can be 
completely different than optimal controller gains obtained 
when we take into account zero initial conditions. 

This paper, thus, presents ideas for synthesis of 
standard PI controller and PI controller with two degrees 
of freedom using conditional optimization and taking into 
account initial conditions. Experimental results obtained 
on coupled tanks system are presented. 

1.1. Notation 

1( )h t − deviation of water level in tank 1 from its nominal 
value, 

2 ( )h t − deviation of water level in tank 2 from its nominal 
value, 

( )u t − deviation of control value from its nominal value, 

PK − PI controller proportional gain, 

IK − PI controller integral gain, 
b − PI controller set-point weighting coefficient, 

( )y t − deviation of system output value from its nominal 
value, 

( )dy t − desired value of the deviation of system output 
value, 

( )e t − error signal, ( ) ( ).de y t y t= −  

2. EXPERIMENTAL SETUP

The plant used for experiment is Quanser Coupled-
Tank Experiment, and sketch is given in Figure 1. The 
system consists of a water basin (number 1), water pump 
(number 2) and two tanks, namely, tank 1 (number 3) and 
tank 2 (number 4).  

Linear equations for the coupled tanks system in 
vicinity of nominal point can be written as: 

1
11 1

2
22 122 1

d ( ) ( ) ( ),
dt

d ( ) ( ) ( ).
dt

pp
h t k h t k u t

h t k h t k h t

= +

= +
(1) 

Experimentally obtained values for parameters, 
based on step response in the vicinity of nominal point are:  

0.00245,ppk = 11 0.05,k = − 12 0.0475,k = 22 0.05.k = −  
Arguing that linear model of nonlinear plant 

describes dynamic behaviour of a plant only in the vicinity 
of a nominal point and that it is always needed to first 
reach the vicinity of a nominal point in order for carried 
out analysis to be valid, controller always starts working 
when working point is in the vicinity of the nominal point. 

It is not necessary and maybe not achievable that 
all initial conditions are equal zero in the moment when 
controller starts working. In order to present illustrative 
example, controller will start working when water level in 
tank 2 is 2cm  less than nominal value. Until the moment 
when water level in tank 2 reaches value that is 2cm  less 

than nominal value, control signal will be nominal. 
Controller will be given command to raise level 2cm  
above nominal. 

Figure 1: Experimental setup 

3. SYNTHESIS OF STANDARD PI CONTROLLER
At first, the system that consists of plant and

textbook PI controller is considered: 

Figure 2:Plant and standard PI controller 
Textbook PI controller equation is given by: 

0

( ) ( ) ( )d .
t

P Iu t K e t K e τ τ= + ∫  (2) 

Based on (1), plant transfer function becomes: 
12

11 22

( )( ) .
( )( ) ( )

pp
p

k k N sW s
s k s k D s

= =
− −

(3) 

System characteristic polynomial becomes: 
( ) ( ) ( ) ( ).P If s sD s K s K N s= + +  (4) 

Starting from the methods of conditional 
optimization proposed in [17], idea of conditional 
optimization using Siljak's generalized parameter plane 
method is used to establish connection with initial 
conditions. Using algorithm presented in [12] analytical 
parametric expressions for controller gains, which 
guarantee damping ratio of all closed-loop poles to be 
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greater or equal to 0.7, with achievable undamped 
frequency as a parameter, can be obtained as: 

2

2 3

( ) 21.4823 1,203.01 8,249.19 ,
( ) 859.291 12,030.1 .

P

I

K
K

ω ω ω
ω ω ω

= − + −
= −

(5) 

Parametric equations (5) are used to draw locus in 
the parameter plane and determine span of achievable 
undamped frequency. 

Figure 3: Parametric plane locus for 0.7ζ =  

After shading, as described in [12], we deduce that 
span of ω which guarantees prescribed degree of stability 
is ]0,0.0714286[ω∈ . 

For every achievable undamped frequency ω in the 
determined range, there exists a pair ( ( ), ( )P IK Kω ω ) 
which guarantees that relative damping ratio of all closed-
loop poles is greater or equal to prescribed and this 
knowledge gives us rough idea about transient response to 
set-point change, but there is no knowledge of the value of 
the cost function.  

Since it is known that value of IK  is explicit 
measure of low-frequency disturbance rejection [1], ω can 
be chosen so that IK  is maximum in order to have the best 
disturbance rejection. 

Alternatively, if in addition to achieved relative 
damping ratio of all closed-loop poles, it is wanted to 
choose optimal controller gains in the sense of integral 
criterion value, we could choose ω  so that integral 
criterion, i.e., the cost function, has the smallest value. It is 
already pointed out that in the mainstream of this kind of 
optimization only zero initial conditions were used.  

By fixing initial value of the integrator to zero and 
by having fixed 2 (0) 0,02mh = − , we can visually present 
how integral criterion value depends on ω  and 1(0)h . 
Value of 1(0)h  is known only approximately by means of 
simulation and visual inspection in the moment when 
regulator starts working and because of that controller 
gains must be determined in the moment when regulator 
starts working. 

In the following two Figures are presented values 
of ISE and ITAE as a function of 1(0)h  and ω for fixed 

2 (0) 0.02m,h = − which is the only value we can rely on. 

Figure 4: ISE as a function of ω  and 1(0)h  in the case of 
plant controlled by standard PI controller 

Figure 5: ITAE as a function of ω  and 1(0)h  in the case 
of plant controlled by standard PI controller 

Looking at Figures 4 and 5, it can be deduced that 
initial conditions influence choice of optimal value of 
ω and that they cannot be ignored, which is more obvious 
in the case when ITAE criterion is used. ITAE criterion 
here also shows property of selectability, [10]. 

For example, optimal values of controller gains for 
1(0) 0mh =  and 2 (0) 0.02mh = − in the sense of ITAE are 

20.2613PK =  and 0.5659,IK =  which are not same as 
optimal values for zero initial conditions, 18.5938PK =  
and 0.6 .359IK =  Also, for example, optimal values of 
controller gains for 1(0) 0.01mh = −  and 2 (0) 0.02mh = − in 
the sense of ITAE are 20.9147PK =  and 0.5055.IK =  

An idea for calculation of optimal values of 
controller gains is that look-up table is used, or that 
dependency of optimal ω  on 1(0)h  is given as some 
analytical expression. Then, in the moment when regulator 
starts working, optimal value of ω  is calculated and 
corresponding values for PK   and IK  are determined. 
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Figure 6: Optimal values of ω as a function 1(0)h in the 
sense of ISE in the case of plant controlled by standard PI 

controller 

Figure 7: Optimal values of ω as a function 1(0)h in the 
sense of ITAE in the case of plant controlled by standard 

PI controller 

Distribution of optimal values of ω is shown in 
Figures 6 and 7 and from these figures one can decide 
whether look-up table will be used or polynomial 
approximation.  

4. SYNTHESIS OF 2DOF PI CONTROLLER
In order to decouple problems of choosing system

parameters so that good disturbance rejection and good 
transient response to set-point change are achieved, two-
degree-of-freedom (2DoF) PI controller is introduced. 

Block diagram of the system that consists of the 
plant and 2DoF PI controller is given in the Figure 8. 

Figure 8: Plant and 2DoF PI controller 
First step in the synthesis of the 2DoF controller 

can be choice of the proportional and integral gain so that 
certain value of phase margin  is achieved for maximum 
value of .IK  By performing this kind of analysis, certain 

level of relative stability is achieved and disturbance 
rejection is the best possible in that case. Using algorithm 
presented in [1] or [4] this problem can be easily solved 
using computer.  

 Optimal values of the controller gains obtained in 
this way are 22.5574PK =  and 0.5401,IK = for phase 
margin value of 60 .°  

Similar analysis can be performed by focusing on 
choice of the controller gains so that magnitude of the 
sensitivity function has a value which is less than some 
prescribed and that this is achieved for values of controller 
gains so that the best possible disturbance and/or noise 
rejection is achieved. Maximum value of the sensitivity 
function determines minimum phase margin, [18]. 

After choosing controller gains using previously 
described or some other procedures, problem of 
conditional optimization can be reduced to choice of 
weight b  so that integral cost has the smallest value.  

From Figures 9 and 10, it can be seen that value of 
b  depends on 1(0)h  in the case of ITAE, but doesn't, or 
very little depend on 1(0)h  in the case of ISE. 

Figure 9: ISE as a function of ω  and 1(0)h in the case of 
plant controlled by 2DoF PI controller 

Figure 10: ITAE as a function of ω  and 1(0)h in the case 
of plant controlled by 2DoF PI controller 

Now, one can proceed to observation of 
dependence of b on 1(0)h . This is shown in Figures 11 and 
12. 
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Figure 11: Optimal values of b as a function 1(0)h in the 
sense of ISE in the case of plant controlled by 2DoF PI 

controller 

Figure 12: Optimal values of b as a function 1(0)h in the 
sense of ITAE in the case of plant controlled by 2DoF PI 

controller 
It is interesting to observe in Figure 12 that optimal 

value of b in the sense of ITAE almost linearly depends 
on 1(0)h  and this relation can be used in some more 
complicated control algorithm. 

Nevertheless, since this linear relation is easier to 
implement in the controller and since it is weight 
coefficient in the two-degree of freedom PI controller 
recommended value to change in order to affect transient 
behaviour, experimental results that will be presented are 
acquired in the case of 2DoF PI controller for different 
values of weight coefficient .b  

Two strategies for choice of b  have been used. 
Firstly, relation obtained by using least squares method is: 

11.2015 15.0376 (0).b h= +  (6) 
In the moment when controller starts working, 

value for b  is determined using (6). It is again mentioned 
that controller starts working in the moment when 

2 (0) 0.02m.h = −   
Secondly, fixed value of 1.414b =  is used, and this 

is a value that is optimal in the sense of ITAE for all zero 
initial conditions. 

5. EXPERIMENTAL RESULTS
Plant step response in the vicinity of nominal point 

has been used for determination of linear system 
coefficients and is presented in the Figure 13. 

Figure 13: Plant step response in the vicinity of nominal 
point 

Finally, main figure with experimental results is 
Figure 14. Two transient responses shown match different 
values of weight coefficient ,b  as mentioned. Transient 
response shown in blue colour is obtained for 1.0737b =  
and transient response in green colour is obtained 
for 1.414b = .  

6. CONCLUSION
In the mainstream of control theory, only effect of 

inputs on behaviour of dynamic system has been 
considered when it comes to choice of optimal controller 
gains which minimize value of integral criterion related to 
transient response. 

Effect of initial conditions on behaviour of every 
dynamic system cannot be neglected, so they have to be 
accounted in the process of controller design. This paper 
presented methods for design of standard PI controller 
with two adjustable parameters and two-degree of freedom 
PI controller with three adjustable parameters, taking into 
consideration initial conditions. 

In case of standard PI controller, values of gains 
which guarantee damping ratio of all closed-loop poles to 
be greater or equal to 0.7 have been extracted. Three-
dimensional plots showing which pair of gains minimizes 
ISE and ITAE, taking into consideration initial conditions, 
were shown.  

Gains of two-degree of freedom PI controller were 
chosen so that phase margin is 60 .°  Three-dimensional 
plots showing which value of weight coefficient 
minimizes ISE and ITAE, taking into consideration initial 
conditions, were shown.  

All above mentioned ideas were illustrated on the 
example of real hydraulic system which consists of two 
coupled tanks. Experimental results clearly show that 
when initial conditions are not zero, only controller 
parameters chosen taking into consideration initial 
conditions will provide optimal behaviour of system, as 
opposite to parameters chosen for zero initial conditions. 
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The Kaczmarz algorithm, originally, is an iterative projection algorithm for solving a linear system of equations. 
After the publications of the result, it was observed that it is possible to design simple recursive algorithm for parameters 
estimation. Because of its simplicity algorithm found different applications including tomography, distributed computation, 
computer vision and medicine (scanners) to name a few. In this paper, we try to expand the area of applications. Namely, 
we consider the problem of Hammerstein model identification. It is supposed that system has MIMO (multi-input multi-
output) structure. The nonlinear part of Hammerstein model has general structure and disturbance has piecewise 
polynomial form. The algorithm is novel and the key ingredient of the algorithm is the Shannon – Kulebakin operator. 

Keywords: MIMO Hammerstein models, Piecewise polynomial disturbance, Shannon-Kulebakin operator, 
Kaczmarz algorithm 

1. INTRODUCTION
Multivariable systems represent an important class 

of systems in practice. Special attention is devoted to their 
identification [1]. In this paper, we consider identification 
of nonlinear multiple-input multiple-output (MIMO) 
systems. A wide class of nonlinear systems is modeled as 
a linear model cascading with a static nonlinear function. 
In this paper, we consider the situation when the static 
function is prior to the linear subsystem. Such kind of 
models is known as a Hammerstein models and are 
relevant for engineering systems, social systems, 
biological systems, machine learning, pattern recognition 
and others. The Hammerstein models belong to the block-
oriented models [2]. Here the static nonlinear block is 
given in the general polynomial form while the linear 
model is an output error (OE) model. 

Special attention is given to modeling disturbances. 
The common assumption is that disturbance has Gaussian 
distribution [3]. In references [4]-[5] it is assumed that the 
stochastic disturbance is non-Gaussian. This assumption is 
confirmed in practice [6] where is shown that in a 
population of observations there are rare large 
observations (outliers). Owing to that fact the great effort 
has been invested in creating algorithms which have a low 
sensitivity to changes in the stochastic disturbance 
distribution. That part of identification theory is based on 
robust statistics [7]. 

In this paper, we consider a different mode to 
modeling the disturbance. In classical control theory, 
disturbances are described as steps, ramps, and sinusoids. 
Here we model disturbances with signals which share 
properties both with deterministic signals generated by 
difference equations and with stochastic processes [8]. It is 
proved that a wide class of continuous function can be 
represented in the form of solutions of homogeneous 
differential equations [9].  That is the consequence of 
investigations of differential analyzers. Similar results are 
given by Kulebakin for electrical driver [10]. From those 
results, it is possible to construct Shannon-Kulebakin 

operator which can be very useful for the design of 
invariant control systems [11]. That operator is 
compensation matrix and has, as will be seen, a great 
influence on system identification [12]. 

Estimation of the unknown parameters is performed 
by Kaczmarz algorithm [13]. That is very simple and 
important algorithm in different areas: tomography, 
computer vision, synchronization in sensor networks, 
learning and adaptive control to name a few. In this paper, 
we extend the application of the algorithm to the 
identification of process models. The algorithm is new. As 
far as authors know that is the first application to the 
identification of MIMO models. The main feature of the 
algorithm is simplicity and version of the algorithm for 
SISO systems is applied to scanners. 

2. MATHEMATICAL MODELS OF MIMO
HAMMERSTEIN SYSTEM 

Suppose that MIMO Hammerstein model has next 
structure 

( ) ( ) ( )1 1 1
k k kq q− − −= +y F B f u d . (1) 

 

where ( )1q−B  and ( )1q−F  are matrix polynomial and 1q−

denotes the shift-back operator ( 1
1k kq−
−=x x ). Orders of 

polynomials ( )1q−B  and ( )1q−F  are m  and n
respectively 

( )1 1
1

m
mq q q− − −= + +B B B (2) 

( )1 1
1

n
nq q q− − −= + + +F I F F (3) 

where iB  ( 1, 2, ,i m=  ) are r r× matrices and iF
( 1, 2, ,i n=  ) are r r× matrices. The disturbance kd  is 
piecewise polynomial disturbances. The Hammerstein 
model is given in the Figure 1. 
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Figure 1: MIMO Hammerstein model 

The function ( )kf u  is a nonlinear vector function 

( ) ( ) ( ) ( ) ( )1 2
1 2, , , ,

Tr r
k k k r k kf u f u f u R = ∈ f u f u  (4)

 

where ( )i
i kf u  ( 1, 2, ,i r=  ) is a nonlinear function of a 

known basis ( 1 2, , , rγ γ γ ) 

( ) ( ) ( ) ( )1 1 2 2 j j

i i i i i i i
i k k k n n kf u d u d u d uγ γ γ= + + +   (5) 

where i
jd  ( 1, 2, ,i r=  ; 1, 2, , jj n=  ) are unknown 

parameters. 
Let us introduced 

{ }max jj
s n= (6) 

For nonlinear vector function ( )kf u  from relations 
(5) and (6), it follows that

( )
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( )
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( ) ( ) ( )
( ) ( ) ( )
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1
1

2
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1 1 1 1 1 1
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1 1 2 2
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f u
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d u d u d u

d u d u d u
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 + + +
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+ + +  

f u
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where some matrix elements, according to relation (6), are 
equal to zero. 

Let us define 
1
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Γ 



(9) 

Using relation (8) and (9) one can get 

( )

( )
( )

( )

1 1
1

2 2
2 , 1, 2, ,

i k

i k
i i k

r r
i s k

d u

d u
i s

d u

γ

γ

γ

 
 
 

= = 
 
 
  

D Γ u 



 (10) 

From (7) and (10) if follows that 

( ) ( )
1

s

k i i k
i=

= ∑f u D Γ u  (11) 

Remark 1: The nonlinear function in relation (11) 
has general form and the first time in the literature is 
proposed in [14]. 

In what follows we will shortly describe 
disturbance 1 2, , ,T r

k k k kd d d =  d  . The piecewise 
polynomial disturbances have next analytical form [8] 

( )
( )

( )

0 0

1 1

0,
0 0 0 0

1,
1 1 1 0 1

,
1

, 0

,

,r r

m mi i i i
k

m mi i i i
i k
k

m mr i i i i
k r r r r r

d d d k d k k n

d d d k d k n k nd

d d d k d k n k n−

 = + + + ≤ <

 = + + + ≤ <= 



= + + + ≤ <





 



 (12) 

where i
kd  is the i -th component of disturbance kd . 

It is possible to distinguish two class of piecewise 
polynomial disturbances. The first one is the continuous 
disturbances (Figure 2). 

Figure 2: Piecewise polynomial disturbance (continuous 
case) 

The second class of disturbance is discontinuous 
disturbances (Figure 3). 

Figure 3: Piecewise polynomial disturbance 
(discontinuous case) 
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3. FUNDAMENTAL ASPECTS OF KACZMARZ
ALGORITHM

The Kaczmarz method is an iterative projection
algorithm for solving a linear system of equations [15]. 
Comprehensive treatment of algorithm and some 
generalization is presented in reference [16]. Due to its 
simplicity, the Kaczmarz algorithm has found numerous 
applications. The Kaczmarz algorithm is independently 
rediscovered in the field of image reconstruction under the 
name ART (algebraic reconstruction technique) [17]. 

Let m nR ×∈A  and mR∈b . The Kaczmarz method 
operates as follows: Initially, it starts with an arbitrary 
vector ( )0 nR∈x . In each iteration, the Kaczmarz method 
runs through the rows of A  in a cyclic manner and for 
each selected row, say the i -th row ( )iA , it orthogonally 
projects the current estimate vector onto the affine 
hyperplane defined by the constraint of =Ax b , i.e. 

( )( ),i
i=x A x b , where ,⋅ ⋅  Euclidian inner product. To 

be more specific assuming that the ki -th ran has been 
selected at the k -th iteration, than the ( )1k + -th estimate 

vector ( )1k+x  is obtained as  

( ) ( )
( ) ( )

( )

1
2

,k

k

k

i k
ik k

k
i

λ+
−

= +
b A x

x x
A

(13) 

where 1
k Rλ ∈  is the relaxation parameter and ⋅  denotes 

Euclidean norm. The original Kaczmarz method 
corresponds to 1kλ =  for 0k ≥  and all other setting of the 

kλ  are referred to as the relaxed Kaczmarz method [18]. 
The geometrical interpretation is given in the next 

figure. 

Figure 4: Geometrical interpretation of Kaczmarz 
algorithm 

The hyperplane iH  is defined as 

{ }T
i i iH b= =x a x (14) 

where the i -th row of matrix A is denoted with T
ia  and 

i -th element of b as ib . The main task is to find solution 
of equation 

=Ax b  (15) 

where m nR ×∈A , m n≥ , is of full column rank and 
mR∈b . Geometrically, the solution of (15) can be thought 

as the intersection of all hyperplanes { } 1

m
i iH

=
. 

4. RECURSIVE FORM OF KACZMARZ ALGORITHM
FOR IDENTIFICATION OF MIMO HAMMERSTEIN

MODELS 
Generally, identification procedure depends on the 

disturbance. The disturbance can, however, be rejected to 
eliminate their effect on the system identification. Such 
case will be considered in this paper. 

Let us suppose that disturbance satisfies a 
difference equation 

( )1
1k k lq−

− −=d D d (16) 
 

where ( )1D q−  is a ( r r× ) matrix with elements in form of
polynomials. The equation (16) is the equation of 
extrapolation or prediction and the matrix ( )1q−D  is a
prediction matrix. 

We can introduce Shannon-Kulebakin operator 

( ) ( ) ( )11 11 lq q q− +− −= −T D (17) 

From (16) and (17) it follows that 

( )1 0kq− =T d (18) 

The Shannon-Kulebakin operator we will call 
compensation operator or compensation matrix. In the 
presence of sufficiently complete information on 
disturbance a matrix ( )1q−T  is quite easily determined.

The form of matrix ( )1q−T  is

( )
( )

( )

1
1

1

1
p

t q

q

t q

−

−

−

 
 

=  
 
  

0

T

0

 (19) 

 

where ( )1
it q−  are polynomials. For sake of simplicity we 

suppose that 

( ) ( ) ( )1 1 1
1 pt q t q t q− − −= = = (20) 

From (1) and (18) it follows that 

( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( )

1 1 1 1 1

1 1 1 1 1

k k

k k

q q q q

q q q q

− − − − −

− − − − −

= +

+ =

T y T F B f u

T d T F B f u
(21) 

From relation (20) and (21) we have 

( ) ( ) ( ) ( ) ( )1 1 1 1 1
k kq q q T q− − − − −=T y F B f u (22) 

and finally 

( ) ( ) ( ) ( ) ( )1 1 1 1
k kq q q q− − − −=F T y B T f u (23) 

Using last relation we can define filtered output and 
input 

( )1f
k kq−=y T y (24) 

( ) ( ) ( )1f
k kq−=f u T f u (25) 
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Now equation (23) becomes 

( ) ( ) ( )1 1f
k kq q− −=F y B f u (26) 

The identification problem is to estimation matrix 
polynomials ( )1q−F  and ( )1q−B . One can see that,
through filtration, the influence of disturbance is removed. 

We now will find the vector form of relation (26). 
Using relations (11), (26) and next fact that 

( ) ( ) , 1, 2, ,l
i k i k lq l m−

−= =Γ u Γ u  (27) 

we have 

( ) ( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

1 1 2
1 2 1 1 2 2

1 1 1
1 1 1 1 2 2 1 1

1 1 1
2 1 1 2 2 2 2 2

1 1 1
1 1 2 2

f m f f f f
k m k k k m k m

k k s s k

k k s s k

m k m k m s s

q q q q

q q q

q q q

q q q

− − − −
− − −

− − −
− − −

− − −
− − −

− − −
− −

= + + + = + + + =

 = + + + + 
 + + + + + 

 + + +

B f u B B B f u B f u B f u B f u

B T D Γ u T D Γ u T D Γ u

B T D Γ u T D Γ u T D Γ u

B T D Γ u T D Γ u T D Γ u

 







 ( )

( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( )

1 1 1
1 1 1 1 2 1 1 2 1 1

1 1 1
1 2 2 1 2 2 2 2 2 2

1 1 1
1 1 2 2

k m

k k m k m

k k m k m

s s k s s k m s s k m

q q q

q q q

q q q

−

− − −
− − −

− − −
− − −

− − −
− − −

 =
 = + + + + 
 + + + + + 

 + + + + 

B T D Γ u B T D Γ u B T D Γ u

B T D Γ u B T D Γ u B T D Γ u

B T D Γ u B T D Γ u B T D Γ u









(28) 

We also have 

( )1
1 1

f f f f
k k k n k nq−

− −= + + +F y y F y F y (29) 

Let us notice that 

( ) ( ) ( ) ( )( )
( )

1 1
i i k i i i k i

f
i i k i

q q− −
− −

−

= =

=

T D Γ u D T Γ u

D Γ u
(30) 

Let us introduce the vector 

( ) ( ) ( )
( )( ) ( )( ) ( )( )
( )( ) ( )( ) ( )( )
( )( ) ( )( ) ( )( )

1 2

1 1 1 2 1

2 1 2 2 2

1 2

, , , ,

, , , ,

, , , ,

, , ,

T T TT f f f
k k k k n

T T Tf f f
k k k m

T T Tf f f
k k k m

T T Tf f f
s k s k s k m

− − −

− − −

− − −

− − −

= − − −




X y y y

Γ u Γ u Γ u

Γ u Γ u Γ u

Γ u Γ u Γ u









(31) 

and the matrix of parameters 

( ) [

]

1 2 1 1 2 1

1 1 2 2 2 2 1

2

, , , , , , ,

, , , , , , ,
, ,

TM
n

m m s

s m s

=θ F F F B D B D

B D B D B D B D B D
B D B D

 

 



(32) 

From (26)-(32) it follows that 

( ) 0TM
k k=y θ x (33) 

Let us introduce the matrix 
T
k

T
k k

T
k

 
 = = ⊗ 
  

x 0
φ I x

0 x
 (34) 

where the symbol ⊗ denotes the Kronecker product. 
Let us introduce 

vect M=θ θ (35) 

Finally we have 

k k=y φ θ  (36) 

Where in last relation, according to (35), θ  is a 
vector. 

The projection algorithm follows from the 
following optimization problem. Given estimate 1k−θ  and 

ky . Determine kθ  so that criterion 

2
1

1
2 k kJ −= −θ θ (37) 

is minimized subject to 

k k k=y φ θ (38) 

Using relations (37), (38) and introducing a 
Lagrange multiplier one can get next functional 

[ ]2
1

1
2c k k k k kJ −= − + −θ θ λ y φ θ   (39) 

The necessary conditions for a minimum are [19]-
[20] 

0c

k

J∂
=

∂θ
 (40) 

0cJ
λ

∂
=

∂
(41) 

Having in mind that 
T

k k=φ φ (42) 

from (40) and (41) it follows that 

1 0k k k−− − =θ θ λφ (43) 

0T
k k k− =y φ θ  (44) 

From (43) and (44) it follows that 

1k k k
T
k k

−−
=

y φ θ
λ

φ φ
(45) 
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If (45) substitute to relation (43) one can get 
fundamental form of Kaczmarz algorithm 

( )1 12
k

k k k k k
k

− −= + −
φ

θ θ y φ θ
φ

(46) 

Modification of (46) is given in [21] 

( )1 12 , 0, (0, 2)k
k k k k k

k

a
c a

c
− −= + − ∃ > ∈

+

φ
θ θ y φ θ

φ
 (47) 

Geometrical interpretation is given in next figure 

Figure 5: Geometric interpretation of recursive Kaczmarz 
algorithm 

Remark 2: Further investigations of Kaczmarz 
algorithm is given in references [22]-[24]. 

5. CONCLUSION
The paper considers identification of MIMO 

Hammerstein models by using Kaczmarz algorithm. The 
algorithm is very simple and especially suitable for 
parameter estimation in the case of large data sets. It is 
considered very general MIMO models. The further 
investigations will be performed for next problems 

(i) Relaxation of condition (20) in the paper
(ii) Design of adaptive invariant systems
(iii) Design of robust stochastic recursive Kaczmarz

algorithms.
Also, in the field of block-oriented methods, the 

potential application of iterative Kaczmarz algorithm is 
very important (especially randomized Kaczmarz 
algorithm). 
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Clustering methods have the key role in pattern recognition, computer vision, and control. In real applications, the 
data are corrupted with stochastic noise which often has outliers. It follows that clustering techniques need to be robust. It 
is observed that robust statistics and fuzzy set theory have much in common. Namely, the concept of weight functions in 
robust statistics can be related to the concept of membership function in fuzzy set theory. In the paper proposed the new 
objective function for cluster analysis. For the clustering the modified Gustafson-Kessel algorithm is used and the 
modification is based on possibility theory. The final goal is membership function determination. That is the important part 
of the Takagi–Sugeno models which represent the fuzzy model of nonlinear dynamic systems.  

Keywords: Robust statistics, IRLS, Possibility function, Robust clustering 

1. INTRODUCTION
Robustness is a key attribute in engineering 

systems. It means that the performance of algorithm (in 
identification, estimation, and control) should not be 
affected significantly by small deviations from the 
assumed model. Also, it is important that it should not 
deteriorate drastically due to noise and outliers. In this 
paper, we consider clustering techniques which are used in 
different fields 

(i) Pattern recognition [1]
(ii) Computer and robot vision [2]

(iii) Control [3]
In real application data have outliers [4] and

different procedures have to be robust. Two disciplines, 
robust statistics and fuzzy logic have developed 
independently. But, as we will see in this paper, they have 
much in common. That explains the claim of proponents 
of fuzzy set theory that a fuzzy approach is more tolerant 
to model variations and disturbances in comparison with 
the crisp approach. 

In this paper, we first introduce some concept from 
robust statistics [5-6] (min-max property, infinite signal 
function and breakdown paints). After that, we will 
describe, shortly, a few concepts from fuzzy logic. Finally, 
it will be established some philosophical connection 
between both areas. 

The main goal of the paper is to find robust cluster 
procedure with small sensitivity to outliers. The unified 
view of the problem is presented in [7]. In this paper, we 
consider robust version of Gustafson-Kessel (GK) 
algorithm [8]. That algorithm is not considered in [7]. 
Also, we consider a possibilistic approach to clustering. A 
heuristic version of that theory is described in [10]. The 
main result is possibilistic Gustafson-Kessel algorithm 
(PGK). The primary objective of the possibilistic approach 
is to achieve membership value that is possibilistic, i.e. the 
membership value of a point in a class represents the 
possibility of the point belonging to the class. 

For the robustness the number of clusters is also  
important. That problem is not considered in this paper but 

attractive solution is given in [11]. Here is of interest 
cluster validity. Cluster validity measures the correctness 
of partition generated by a clustering algorithm. In [12] as 
a model validity test is used Kolmogorov-Smirnov test. 

2. ROBUST STATISTICS
Robustness is a very important notion is modern 

science. In statistics, the robustness is low sensitivity to 
distribution changes of real processes. At present, in 
statistical sense, there are two key approaches to 
robustness 

(i) Quantitative robustness [13] known as a Huber’s
minmax approach

(ii) Qualitative robustness [14] which is based on the
concept of influence function.

We will first consider Huber’s approach. Usually,
the problem of parameter estimation is based on the 
assumption that the stochastic disturbance has a Gaussian 
distribution. Practical studies [4] show that in a population 
of observations there are rare large observations (outliers) 
and the result is that stochastic disturbance has a non-
Gaussian disturbance. Such case is considered in [13] 
where class of distributions is modeled as 

( ){ }: 1 , is symetricP P P N G Gε ε ε= = − +   (1)

where [ )0,1ε ∈  is the contamination degree and 

( )20,N σ  denotes a zero-mean Gaussian distribution with

a variance 2σ . Applying Huber’s methodology [5] and 
[13] the least favorable probability density on a class (1) is
obtained

( )( )

( )( ) ( )

( ) ( )

2

2

2

1 exp ,
22

1 exp ,
22

e k
e k k

p e k
k ke k e k k

ε

ε ε
ε

ε
σπσ

ε
σπσ

∗

  −   − ≤    = 
 −   − − >   

   

 (2) 
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where ( )e k  is a stochastic disturbance and where the 
relationship between the contamination degree ε  and the 
Huber’s parameter kε  is given in the following relation 
 

 
( ) ( )

2

2
2

2 ,
1

y
N

N N

k
k e dy

k
ε

ε
ε

ε
ε

∞
−

−∞

Φ
− Φ − = Φ =

− ∫   (3) 

 

The good performance of parameter estimation 
algorithm is provided for [ ]2,4kε ∈ . The best 
performance is accomplished for 3kε =  as is shown in 
[14-17]. In cited references, the robust recursive 
identification of MIMO (multiple-input multiple-output) is 
considered. 

In what follows we will consider estimation of 
location and scale parameters. 

Remark 1. It is possible to describe outliers with 
other probability distribution in comparison with (1). That 
is heavy-tailed (fat-tailed) distributions [18] whose density 
tails tend to zero more slowly than the normal density. An 
example is the Cauchy distribution with density 
 

 ( ) ( )2

1
1

f x
xπ

=
+

  (4) 

 

It is a particular case of the Student (or t) densities 
with 0ν >  degrees of freedom 
 

 ( )
1

2 2
1 xf x c

ν

ν ν ν

+
−

 
= + 

 
  (5) 

 

where cν  is a constant 
 

 

1
2

2

v

cν ννπ

+ Γ 
 =

 Γ 
 

  (6) 

 

and ( )Γ ⋅  is the gamma function. This family contains all 
degrees of heavy-tailedness. When ν →∞ , fν  tends to 
the standard normal density. For 1ν =  we have the 
Cauchy distribution.  

We now consider M-estimate of location 
parameter. Using relation (2) we can define the function 
 

 ( ) ( )logx p x∗Φ = −   (7) 
 

or explicitly 
 

 ( )

2

2

2

2ln ,
12

2ln ,
2 1

x x k
x

k k
x x k

ε

ε ε
ε

πσ
εσ

πσ
εσ


+ ≤

−Φ = 
  − + >  − 

  (8) 

 

Let us define the model for location 
 

 ( ) ( )y k e kθ= +   (9) 
 

where ( )y k  are the measurement, θ  is the location 

parameter and ( )e k  is the stochastic non-Gaussian 
process. According to maximum likelihood methodology 
criterion for parameter θ  estimation in (9) is 
 

 ( ) ( )( ){ }J E y kθ θ= Φ −   (10) 
 

where {}E ⋅  is expectation operator. It is possible to 
approximate the last relation with empirical functional 
 

 ( ) ( ) ( )( )
1

1ˆ ˆ
k

k
i

J y k k
k

θ θ
=

= Φ −∑   (11) 
 

where 
 

 ( ) ( )( )
1

ˆ arg min
k

i
k y k

θ
θ θ

=

= Φ −∑   (12) 
 

If ( )Φ ⋅  is differentiable, differentiating with 
respect to θ  yields 
 

 ( ) ( )( )
1

ˆ 0
k

i
y i iθ

=

Ψ − =∑   (13) 
 

with ( ) ( )′Ψ ⋅ = Φ ⋅ . For probability distribution (1) the 

function ( )Ψ ⋅  is known as a Huber’s function and has the 
analytical expression 
 

 ( )
,
,

x x k
x

k x k
ε

ε ε

 ≤Ψ =  >
  (14) 

 

and is showed in the next figure. 
 

 
Figure 1: Huber's function 

 
Let us notice that solution of equation (13) is 

estimated value of location parameter. 
The same story is valid for estimation of scale 

parameter. In this case, the loss function is 
 

 x
σ
 Φ 
 

  (15) 
 

where σ  is scale parameter. 
The qualitative robustness is presented in [6] and 

has two concepts: 
(i) Influence function which is an infinitesimal 

approach (small deviations from the model 
assumptions should impair the performance of 
estimation only by a small amount). That concept 
has a local character; 

(ii) Breakdown point which means that larger 
deviations from the model assumptions have not 
catastrophic consequences. This concept has a 
global character. 

C.26



Proceedings of IX International Conference “Heavy Machinery-HM 2017”, Zlatibor, 28 June – 1 July 2017 

Philosophical Interpretation of Connection of Robust Statistics and Fuzzy Logic: The Robust Fuzzy Clustering 

The influence function can be defined using theory 
of a von Mises functionals [19]. 

Definition 1. [6] The influence function of a von 
Mises functional T  on probability distribution F   is 
given by 

( )
( ) ( )

0

1
, , lim xT F T F

IF x T F
ε

ε ε
ε→

− + ∆ −  = (16) 

whrere x∆  is the probability measure which puts mass 1 at 
the point x . 

The breakdown point is defined in [20]. Let us 
suppose that Z  consist of N data points and T is 
estiomator. Also, Z ′  is set which is given by replacing 
any M  of the original data points by arbitrary values. Let 
us denote with bias ( , ,M T Z ) the maximum bias in the 
estimate caused by such a contamination 

( ) ( ) ( )bias , , sup
Z

M T Z T Z T Z
′

′= − (17) 

If the bias is infinite, the M  outliers have an 
arbitrary large effect on T  and, thus, the estimator break 
down. The definition of breakdown point is 

( )min : bias , , is infiniteBP
M M T Z
N

ε ∗  =  
 

 (18) 

Finally, we will consider important, from the 
computation point of view, concept known as the 
iteratively reweighted least square (IRLS) [21-23]. Let us 
consider relation (13) without index of estimate of location 
parameter θ . That relation we can rewrite in the next form 

( )( ) ( )( )
1

0
k

i
y i w y iθ θ

=

− − =∑   (19) 

whereby w  is weight coefficient 

( )( ) ( )( )
( )
y i

w y i
y i

θ
θ

θ
Ψ −

− =
−

(20) 

From relation (19) one can get 

( )( ) ( )

( )( )
1

1

k

i
k

i

w y i y i

w y i

θ
θ

θ

=

=

−
=

−

∑

∑
(21) 

It follows that θ  is a weighted mean of the ( )y i  
and can be solved iteratively. 

It is important to note that for complex dynamic 
systems it is possible to approximate and relax 
computation by using principal component analysis [24]. 

The behaviour of weight w  for probability 
distribution model (1) and Huber’s function (14) is 
presented in the next figure. 

Figure 2: The weight function in location parameter 
esitmation 

3. FUZZY LOGIC

Fuzzy logic now has high theoretical level with 
applications in many fields. The key notation in fuzzy 
logic is the set membership function which is used for 
characterization of fuzzy sets [25]. 

A fuzzy set A  on the universe set X  is a set 
defined by a membership function ( )A xµ  represent a 
mapping 

( ) [ ]: 0,1A x Xµ →  (22) 

Here the value of ( )A xµ  for the fuzzy set A  is 
called the membership value or the grade of membership 
of x X∈ . The membership value means the degree of x  
belonging to the fuzzy set A . 

Exist different form of set membership function 
and they presented in next figure. 

Figure 3: Different form of fuzzy sets: a) triangular, b) 
trapezoidal, c) exponential 

Also, a very important concept in fuzzy logic is a 
possibility theory [26-27]. That is a complement theory to 
probability theory to deal with uncertainty. There are two 
approaches to possibility theory: (i) one, proposed in [26], 
was to introduce possibility theory as an extension of 
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fuzzy set theory; (ii) the other, described in [28], was to 
introduce possibility theory in the framework of 
Dempster-Schafer’s theory of evidence. This approach 
puts possibility theory in an axiomatic manner. 

The major topics in possibility theory are fuzzy 
arithmetic which is concerned with the operations and 
computations of fuzzy numbers. Fuzzy numbers are useful 
for computation in physical sciences and engineering 
when only imprecise or uncertain sensory data are 
available for computations. Important notion in the 
possibility theory is the possibility distribution. 

Given fuzzy set A  in U  and the proposition “ x  
is A ” the possibility distribution associated with x , 
denoted by xπ , is defined to be numerically equal to the 
membership function of A , that is 

( ) ( )x Au uπ µ=   (23)

One of the major difference between possibility and 
probability can be seen from the following 

( ) ( ) 1P A P A+ = (24) 

( ) ( ) 1A AΠ +Π ≥ (25) 

where ( )P ⋅  is probability and ( )Π ⋅  is possibility. 
Possibility theory will be used for design of 

possibilistic cluster algorithm in the next paragraph. 

4. THE ROBUST CLUSTERING AND THE
POSSIBILISTIC GUSTAFSON-KESSEL ALGORITHM 

Clustering is fundamental part of identification of 
dynamic systems. Namely, the identification procedure 
consist of three parts: 

(i) Cluster analysis
(ii) Determination of the membership function

(iii) Identification parameters of set of models (off-
line or recursive) where number of models equal
to number of clusters.

In this paper we consider only of first two items. It 
is supposed that measurements include outliers which one 
unavoidable in practice. The clustering is based on 
optimization and in that sense criterion of clustering must 
be determined. 

Let us denote with * jµ  membership of point jx  in 
the class of outliers [7]. The membership of point * jµ  in 
the noise cluster is defined to be 

*
1

1
c

j ij
i

µ µ
=

= −∑   (26) 

where c  is the number of clusters and exists condition 

1
1

c

ij
i
µ

=

≤∑  (27) 

Criterion for possibilistic cluster method (PCM) is 
introduced in [9] 

( ) ( ) ( )2

1 1 1 1
, 1

c N c Nm m

PC ij j i i ij
i j i j

J d rµ µ
= = = =

= + −∑∑ ∑ ∑x β   (28) 

where N  is the number of observations, ir  are positive 
numbers, jβ  is the prototype (center of clusters), 

( )1,m∈ ∞  (usually 2m = ) is a weighting exponent and 

( ),j id x β  suitable defined distance. For the Gustafson-
Kessel algorithm the distance is Mehalanabis distance 

( ) ( ) ( ) ( )
1

2 1, det
T

n
j i i j i i j id −= − −x β F x c F x c (29) 

where iF  is the fuzzy covariance matrix of cluster 

( ) ( )( )

( )
1

1

N m T

ij j i j i
j

i N m

ij
j

µ

µ

=

=

− −
=
∑

∑

x c x c
F (30) 

and ic  centers of clusters ( 1, 2, ,i c=  ). The algorithm 
(28)-(30) is the Gustafson-Kessel possibilistic cluster 
algorithm. 

From equation 

0PC

ij

dJ
dµ

=  (31) 

it follows that 

( )
1

2 1

1

,
1

ij
m

j i

i

d
r

µ
−

=
 
 +
  

x β
(32) 

From (28) and (32) it follows that [7] 
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From (33) one can get center of cluster as 

1

1

N

ij j
j

i N

ij
j

w

w

=

=

=
∑

∑

x
c (34) 

Using last relation one can to see that the weights in 
IRLS technique has the role of membership. The 
quantitative relation between function ( )Φ ⋅ , ( )Ψ ⋅  and w  
and membership function is given in [7]. That is 
connection between robust statistics and fuzzy logic 
(relation (34) in [7]). Main differences between algorithms 
in this paper and reference [7] is in the form of 
distance ijd . 

In stochastic case good alternative for presented 
methodology are gradient algorithms. When the outliers 
are present in the measurements and when the membership 
function has a Gaussian form the gradient algorithm, based 
on Huber’s approach in robust statistics, is presented in 
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[30]. The case of identification of complex dynamic 
systems, using Takagi-Sugeno models, is considered in 
[31]. 

5. CONCLUSION
In the paper is considered identification of 

nonlinear dynamic system. The nonlinear system is 
approximated with fuzzy system (finite collection of 
Takagi-Sugeno models). The local point in fuzzy 
identification is determination of membership function. 
Strategy of determination is based on, owing the outliers 
presence in measurements, robust clustering. The 
clustering is based on possibilistic Gustafson-Kessel 
algorithm. The robustness is based on criterion 
modification. Also, established the conceptual connection 
between robust statistic and fuzzy logic. 
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There are various tuning methods for PID controller and its shorter variants. Simpler procedures are preferable 
due to less time consuming and reducing possibility of making mistakes. This aim is supported by approaches which 
contain some of the automated tuning options. Self-tuning PID controller based on characteristic parameters of the time 
response, has been tested and described in the present paper. The main idea was to make tuning algorithm which can set 
controller parameters depending on the state of the system time response during its functioning in changeable working 
conditions. Therefore, presented procedure requires involving of entire control algorithm into computer. This is in line with 
their current expansion as control units. Research was carried out using simulations. Effectiveness of defined way was 
proved on a few single-input single-output (SISO) systems. 

Keywords: PID control, Self-tuning controller, SISO system
1. INTRODUCTION

System behaviour under different functional 
conditions is subject of many surveys. Ensuring stability 
and system performances are always actual tasks for 
engineers operators and therefore researchers. After 
passing through the dynamical area and reaching of steady 
(stationary) state, control system can be exposed to 
unpredictable and unmeasurable disturbance. Numerous 
methods for controller tuning were investigated and 
suggested with aim to obtain good transition area of 
response and efficient rejection (compensation) of 
disturbance. Because of their wide usage in industry PID 
controllers also occupy the main place in the scientific 
researches [1-5]. There are a lot of surveys which were 
focused on improving of control algorithm for particular 
objects [6-9]. Considering this kind of controllers involves 
all of their variants, i.e. combinations of proportional P, 
integral I and derivative D term. Surely, the most 
appropriate feasible type and values of controller gains 
should be chosen for controlled object. Computer-
controlled systems due to their digital nature provide an 
opportunity for iterative approach in controller tuning. 
Some of these methods are presented in [10,11]. Authors 
[11] also use frequency response as a quality indicator in
the tuning procedure. It is very important to have in mind
that majority of control and monitoring systems have
graphical display of controlled variable and more
importantly that time response gives real representation of
system behaviour.

Present paper contain attempt to use information 
about one parameter (characteristic) of time response, i.e. 
its changing in time, to design self-tuning controller. 

2. PROBLEM DEFINITION AND CONTROLLER
TUNING

PID controller expressed by Eq. (1) or its other
shorter variants can be tuned using many methods. 

( ) ( )
( ) sK

s
KKsT

sT
K

sE
sUsG d

i
pd

i
pc

11 ++=







++==      (1) 

Where: Kp, Ki and Kd are proportional, integral and 
derivative controller gains, respectively, while Ti and Td 

are integral and derivative tome constant, respectively. 
U(s) is manipulated variable and E(s) is error of controlled 
variable. Presented well known controller can enable 
appropriate system dynamic behaviour regarding dynamic 
and static part of time response and in the most 
circumstances appropriate disturbance rejection. However, 
problem appears in the case of higher disturbance intensity 
that can lead system into instability. Due to that, research 
of possibilities for designing of controller that can achieve 
a wider influence range regarding disturbance rejection, 
has led to idea of introducing additional controller and 
therefore design more efficient entire controller. It must 
satisfy two significant demands: activation in the moment 
of disturbance appearing and to be self-tuning. After 
carrying out of numerous simulations it is derived that 
parallel P additional controller gives the best results. 
Configuration for its introducing into control system is 
given in figure 1. 

Figure 1: Configuration for self-tuning additional P 
controller application 

Moment of tuning and activation of additional P 
controller is determined by monitoring of response 
overshoot P0, while P1 is overshot in the next iteration. It 
has to influence while overshoot caused by disturbance 
exists. Therefore P0 is overshoot without action of 
additional controller. In order to intensify that action, 
proportional gain Kp is incrementally rising in every 
sampling period while the overshoot drops under defined 
value Pmax. Afterward Kp should be set to 0. Flowchart that 
describes steps in self-tuning of additional P controller is 
shown in figure 2. In this flowchart Pinkr is overshoot for 
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incrementally set Kp. Tuning has been performed by 
repeating of simulations. It has served to prove method 
efficiency, but in real system, estimation of tracked 
response characteristic (in this research overshoot) and 
adjusting of Kp should be carried out in every sampling 
period. 

 
Figure 2: Flowchart for additional P controller self-tuning 

3. EXAMPLES 
Described control strategy and tuning procedure 

has been tested on three single-input single-output 
characteristic examples. For the simulation purpose 
disturbances were introduced sequentially with defined 
period and in rising order of their intensity [12], as it 
shown in figure 3. In this research following values have 
been chosen: time of introducing of the first disturbance 

t0=500 s, period between starts of the adjacent 
disturbances tp=200 s, disturbance duration Δt=10 s, 
number of disturbance steps n=4. Other signs are: i – 
disturbance intensity, di – ordinal number of disturbance. 

 
Figure 3: Array of square disturbances 

In following examples disturbance intensity was increased 
10 times. Actually, these values are not real, but they were 
used in simulation to test possibilities of suggested control 
algorithm. For all three examples PI controllers have been 
tuned using Matlab Toolbox. Simulation is performed for 
cases with and without additional P controller in order to 
show effects of the suggested approach. In all examples 
unit step function was taken as reference value. 

3.1. Example 1 
This example contain first-order object given by 

Eq. (2). Increment can takes different values. Higher 
values speed up simulation, i.e. increase of proportional 
gain Kp during disturbance compensation. Parameters of PI 
controller are Kp=10.248 , Ki=0.163. Maximum overshoot 
value is being taken such to satisfy operator’s demands. 
Here it is Pmax=2% 

( )
163

1
1ex. +

=
s

sG                                (2) 

Carrying out simulation gives value of Kp=2400 that is 
very high, which obtain responses shown in figure 4 and 
its zoomed display in figure 5. These figures show 
effectiveness of control strategy that contain additional 
self-tuning P controller. The advantages are reflected in 
significantly reduced disturbance amplitude and time for 
its rejection. It means that there are large theoretical 
possibilities of proposed method, but its practical 
feasibility depends on limitations in the actuators. 

3.2. Example 2 
Controlled object presented by second-order 

transfer function (Eq. (3)) has been tested in this example. 

( )
16.14s

9
22ex. ++

=
s

sG                          (3) 

Parameters of PI controller are Kp= 0.442 , Ki= 0.028. 
Maximum overshoot value is taken Pmax=2%. Simulations 
give responses in figure 6 and its enlarged view in figure 
7. It is also noticeable significant improvement in 
disturbance rejection in the case with additional P 
controller, but its gain reachs also high value Kp=3400. 

3.3. Example 3 
Second-order object with one left half-plane zero 

has been simulated here. Its transfer function is given by 
Eq. (4). 

( )
16.14s
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ssG                          (4) 
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Parameters of PI controller are Kp= 4.252, Ki= 61.579. 
Maximum overshoot value is taken Pmax=3%. Responses 
in figure 8 and its enlarged view in figure 9 are obtain 
when gain of additional controller reach pretty high value 
Kp=2000. Disturbance amplitude is notably reduced, while 

time for its rejection is a little extended. As it mentioned, 
disturbance amplitude values are purposely taken 10 to 40 
times higher than reference value. The obtained responses 
show very large differences between control algorithm 
with and without additional P controller. 

 
Figure 4: Disturbance rejection with and without additional self-tuning P controller (example 1) 

 
Figure 5: Enlarged display of figure 4 

 
Figure 6: Disturbance rejection with and without additional self-tuning P controller (example 2) 
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Figure 7: Enlarged display of figure 6 

Figure 8: Disturbance rejection with and without additional self-tuning P controller (example 3) 

Figure 9: Enlarged display of figure 8
4. CONCLUSIONS

Complex controller consisted of its PI and P parts 
in parallel connection has been formed and tested. Its 
efficiency was proved on the some characteristic transfer 
function of objects. Timely reaction of P controller has 
been achieved through the its self-tuning using chosen 
characteristic of time response (overshoot). Any response 
characteristic can be estimated and limited for this 
purpose. Due to very high disturbance amplitudes 
introduced into object also large values of Kp has been 
obtained. Feasibility of such high proportional gains in 
real system is practically impossible because of actuators 
limitations regarding saturation. Even when computer 
generate that output signal there are great chance that 
physical nature of actuator cannot follow such very 

rigorous request. But this study shows possible way and 
ideal case which should be followed. Striving towards 
theoretically obtained values of proportional gain Kp of 
additional controller has to be performed using various 
combinations of actuators and by improving of their 
characteristics. Namely, this research is the first step in the 
realisation of controller part that should operate 
periodically, i.e. only when object is disturbed. Here it was 
carried out based on iterative method, but in the industrial 
environment it should be incorporated into real time 
control system, where chosen response characteristic is 
estimated in every sampling period. That will be subject of 
future investigations. 

C.34



Proceedings of IX International Conference “Heavy Machinery-HM 2017”, Zlatibor, 28 June – 1 July 2017 

Self-tuning PID Controller based on Time Response Characteristics 

REFERENCES 
[1] K. J. Åström, T. Hägglund, “PID Controllers: Theory,
Design and Tuning”, Research Triangle Park, NC:
Instrumental Society of America, (1995)
[2] V. Ž. Filipović, N. N. Nedić, “PID Controllers”,
University of Kragujevac, Faculty of Mechanical
Engineering, Kraljevo, (2008), (in Serbian).

[3] C. C. Yu, “Autotuning of PID Controllers”, Springer,
London, (Grait Britain), (2006)

[4] I. Branlea, I. Petrovic and N. Peric, “Toolkit for PID
dominant pole design”, 9th International Conference on
Electronics, Circuits and Systems, Vol. 3, pp. 1247-1250,
(2002)

[5] Q-G. Wang, Z. Zhang, K. J. Åström, L. S. Chek,
“Guaranteed domi-nant pole placement with PID
controllers“, J. Process Control, Vol. 19, pp. 349-352,
(2009)

[6] S. LJ. Prodanović, N. N. Nedić, V. Ž. Filipović,
“Improved auto-tuning PID controller of level in
condenser of turbine in thermal power plant using
saturation-relay feedback“, Proceedings of the X Triennial
International SAUM Conference on Systems, Automatic
Control and Measurement, Niš (Serbia), pp. 68-71, (2010)
[7] N. N. Nedić, S. LJ. Prodanović, “Some Modifications
in the Process Identification and Tuning of Controller of
Level in Condenser in Thermal Power Plant“, Proceedings
of the XI Triennial International SAUM Conference on

Systems, Automatic Control and Measurement, Niš 
(Serbia), pp. 382-385, (2012) 

[8] N. N. Nedić, V. Ž. Filipović, S. LJ. Prodanović,
“Energy saving in the power plants using automatic
control”, Proceedings of ECOS 2011 – The 24th
International Conference on Efficiency, Cost,
Optimization, Simulation and Environmental Impact of
Energy Systems, Novi Sad (Serbia), pp. 1843-1855,
(2011)

[9] V. Ž. Filipović, N. N. Nedić, S. LJ. Prodanović,
“Reduced energy cost through the furnace pressure control
in power plants”, Proceedings of ECOS 2012 – The 25th
International Conference on Efficiency, Cost,
Optimization, Simulation and Environmental Impact of
Energy Systems, Perugia (Italy), pp. 367 1-9, (2012)

[10] Q. G. Wang, B. Huang, X. Guo, “Auto-tuning of
TITO decoupling controllers from step tests”, ISA
Transactions, Vol. 39, 407-418, (2000)
[11] F. Vázquez, F. Morilla, S. Dormido, “An iterative
method for tuning decentralized PID controllers”,
Proceedings of the 14th IFAC World Congress, Beijing,
(China), (1999)

[12] S.Lj. Prodanović, N. N. Nedić, Lj. S. Lukić,
“Possibilities for disturbance rejection in the decoupled
TITO process”, Proceedings of the 12th international
scientific conference, Novi Sad, (Serbia), pp. 71-74,
(2015)

C.35





IX International Conference “Heavy Machinery-HM 2017”, Zlatibor, 28 June – 1 July 2017, C.37-C.41 

*Corresponding author: Dositejeva 19, 36000 Kraljevo,  dubonjic.lj@mfkv.kg.ac.rs

Design of Fixed Order H∞ Controllers with Specified Settling Time using 
D-Decomposition

Ljubiša Dubonjić1*, Vojislav Filipović1, Novak Nedić1, Vladimir Đorđević1 

1Faculty of Mechanical and Civil Engineering in Kraljevo, Department for Automatic Control, Robotics and Fluid 
Technique, University of Kragujevac, (Serbia) 

Abstract: The H∞ control theory has the high level. But application in industry, owing the complexity of theory, is 
limited. Controller design is based on complex numerical procedure (Nevannlina–Pick algorithm) and given parameters 
does not have physical meaning. Also, the order of the controller is high (at least as an order of system). Owing that facts 
in this paper we propose simple interactive procedure for H∞ PI controller design. The procedure is simple and is based on 
D-decomposition. In comparison with original H∞ controller here we introduce constraint in the form of specification of
settling time. The program for procedure of H∞ PI controller design is simple and based on MATLAB (Robust Control
Tool Box). Given PI controller is applied for control of CSTR (continuous stirred–tank reactor). The process is described
as linear model with time delay. In this paper the time-delay approximated with second order Pade approximation. Finally,
designed controller provides nominal performance for control systems.

Keywords: H∞ Controller, Settling time, D- Decomposition, H∞ PI Controller 

1. INTRODUCTION
Robust control theory based on the mathematical 

theory of infinite-dimensional Hardy space has reached a 
high level [1-2]. There are applications of this theory in 
different areas. However, there are quite serious 
difficulties in including this methodology in a wide 
application in the industry. First, the controller design 
procedure is very complicated and it is based on numerical 
procedures (Nevanlinna-Pick procedure [3-4]). Secondly, 
the controller is of high order (as a rule, it is higher order 
than the order of the model) and its parameters have no 
physical significance. Third, the dispersion of controller 
parameters is large (parameter values differ by many size 
orders). The result of this fragility is controller because the 
numerical implementation introduces errors in the 
implementation of digital controllers. For these reasons 
and the fact that staff in the industry is not able to 
understand H∞ control theory there is a natural resistance 
to the application of this theory.  

On the other hand, there is dominant application of 
PI (PID) controllers in the industry. Here, the regulator 
parameters have physical meaning, they are easy to set up 
and suitable, in complexity, for personnel which lead 
industrial processes. Therefore, the design procedure of 
robust PI controllers, which satisfy the optimization 
criterion H∞, is proposed in this paper. Also, it is 
introduced the restriction which the controller must satisfy, 
and it is the settling time. The design procedure of H∞ PI 
controller is based on the application of D - decomposition 
and it is independent of the model order. A network of 
points for the stability area of the system is constructed, 
provided that it is a PI controller. At each point of the 
network, the PI controller is designed and using the 
MATLAB (Robust Control Toolbox), the minimum of H∞ 

criteria is determined. Based on this, it is formed a catalog 
of a reference response, a catalog of a load disturbance 
response and minimum criteria on which basis the 
operator, through an interactive procedure, selects the 
controller that suits the best.  

A simplified design procedure of the H∞ controller 
based on the input-output model is proposed in reference 
[5]. The problem is reduced to solving two Diphantine 
equations. A similar procedure to this one presented in the 
paper is proposed in the reference [6]. The difference is 
that the approximation of the delay is not carried out. 
Reference [6] is dedicated to the design of H∞ controller 
for communication computer networks. For the design 
methods of the H∞ controller, a suitable model [8-9] is 
also needed. A new approach to machine learning – based 
identification is proposed in the reference [10]. 

This paper discusses the regulation of the CSTR 
(Continuous Stirred-Tank Reactor) using the H∞ PI 
controller. The process is described as a linear process 
with a delay [7, 11-14]. The problem is, subject to a 
limitation on relative stability, considered in the reference 
[15]. When at the same time, there are limitations on the 
relative stability and the settling time, the design of 
standard PI controllers, is discussed in references [16-17]. 
In all of these cases, D-decomposition was used [18-20]. 

2. MATHEMATICAL MODEL OF A CSTR
Continuous stirred-tank reactors have widespread

application in industry and embody many features of other 
types of reactors [21]. 

Consider a simple liquid-phase, irreversible 
chemical reaction where chemical species A reacts to form 
species B. The reaction can be written as  
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 A B→     
                        (1) 

It is supposed that the rate of reaction is first-order 
with respect to the component A 

Ar kc=                                                  (2) 
where r is the rate of reaction A per unit volume, k is the 
reaction rate constant (with units of reciprocal time and cA 
is the molar concentration of species A. For single phase 
reactions, the constant k is given by the Arrhenius 
equation 

0
Ek k exp

RT
 = − 
 

                     (3) 

where k0 is constant, E is the activation energy and R is 
the gas constant. The parameters k0 and E are determined 
by fitting experimental data. The last two equations can be 
considered to be semi-empirical relations. 

The schematic diagram of the CSTR is shown in 
Fig. 1. 

 
Figure 1. CSTR with cooling jacket 

 
The designations in the figure have the following 

meanings: 
cAu - concentraction of the reactant in the feed 

CSTR [kg⋅mole/m3] 
cA - concentraction of the reactant in the feed 

CSTR [kg⋅mole/m3] 
cA

set - set point for the concentraction 
[kg⋅mole/m3] 

Tu - temperature of the feed [oC] 
Tc - temperature of the coolant [oC] 
Tci - output temperature of the coolant [oC] 
T - temperature in the CSTR [oC] 
Q - flow of the reactant and product [m3/s] 
Qc - flow of the coolant [m3/s] 
y - measurement of the concentration 

[kg⋅mole/m3] 
u - input signal 
The CSTR model development [13-14] is based 

on three assumptions: 
(i) The CSTR is perfectly mixed 
(ii) the mass densities of the feed and product streams are 
equal and constant 
(iii) the liquid volume V in the CSTR is kept constant 

The mathematical model of CSTR is taken from 
[11-12] and has the form 

4.896s

Y(s)G(s)
U(s)

1.308G(s) e
(13.515s 1)(6.241s 1)

−

=

=
+ +

             (4) 

The goal of the control systems is to control the CSTR 
composition (y) by manipulating the cool rate through the 
control signal (u). Different control strategies are 
presented in [13]. 

In this paper we shall approximate the element of 
delay by a second-order Padé approximation. The general 
form of Padé approximation, according to [22-23], is 

d

n2
d d

T s
d2

d d

sT sT11
2n 3 2ne ,T 4.896
sT sT11
2n 3 2n

−

   − +  
   = = − 

  + +     

    (5) 

In this paper, the approximation for n=2 is used and, in 
that case, the transfer function or the process is: 

22
d d

d2
d d

1.308G(s)
(13.515s 1)(6.241s 1)

sT sT11
2n 3 2n ,T 4.896
sT sT11
2n 3 2n

= =
+ +

   − +  
   = = − 

  + +     

              (6) 

The application of Padé approximation for delay is widely 
used in chemical industry [20]. 
Note 1. Possible approximations for delay are: 
A) Laguerre shift 

             d

n
d

T s
n d

sT1
2ne lim
sT1
2n

−

→∞

 − 
=  

 + 
 

             (7) 

This type of approximation is applied in robust control 
theory [19]. 
B) Kautz shift 

             d

n2
d d

T s
2

d d

sT sT11
2n 2 2ne
sT sT1 2
2n 2n

−

   − +  
   ≅  

  + +     

                    (8) 

It was analytically shown that this type of 
approximation is more accurate than the Laguerre one 
[19]. 

 

3. DESIGN OF H∞ PI CONTROLLERS BY APPLYING 
D-DECOMPOSITION 

We will now expose the design procedure for the 
H∞ PI controller that will be used for regulating the CSTR 
process. The purpose of the constraints is to specify an 
area, in z-plane, in which the complex-conjugate roots of 
the characteristic system equation are located.  

For the system to possess the required settling time, 
it is necessary that all the real parts of the poles of the 
transfer function of the closed loop are located left to the 
real line σm = const., from Figure 2. In this way, we map 
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the area from the "s" plane, left of the line σm = const., 
(Fig. 2), in the area of the corresponding settling time 
σmin= const., in the parameter plane of the adjustable 
controller parameters (Kp, Ki). Here, it is necessary to find 
the minimum undumped frequency that will satisfy the 
condition: 

min m n min m;σ ≥ σ ξ ⋅ω ≥ σ                            (9) 
 
 

 
 

Figure 2. Area with the required settling time σm 
 
 

Having in mind the constraint given by the equation (9), 
the following criterion is minimized  

10
J sup S( j )

≤ω≤ω
= ω                       (10) 

Let us note that, instead of the constraint (9), a constraint 
that relates to the settling time may also be introduced. It is 
possible to introduce both criteria simultaneously [16]. 

The procedure of design of H∞PI controllers is as 
follows: 
1. Select the area of settling time of the system in the s 
plane. 
2. Choose the points on the curve ξ=const. and determine 
the parameters Kp and Ki PI of the controller for each 
point. 
3. Based on the transfer function of the C(s) controller 
(obtained on the basis of the parameters Kp and Ki) and the 
transfer function of the G(s) process, calculate the 
sensitivity of the system S(s). 
4. Compute the minimum of criterion Jmin based on the 
equation (10), by applying MATLAB (Robust Control 
Toolbox).  
5. Create a catalogue which contains: 
a) graphical presentation of the reference responses 
b) graphical presentation of suppression of disturbances  
c) minimum of the criterion J 
6. In accordance with engineering reasoning, choose the PI 
controller which provides nominal performances of the 
system. 

The proposed procedure is an interactive graphical 
procedure which is simple and enables engineers in 
industry to use, in a comprehensible and easy way, the 
latest accomplishments in automatic control theory. In this 
case, it is H∞ optimization. 

The advantages of the proposed procedure are as 
follows:  
a) Simple structure of the controller (PI controller), which 
allows physical interpretation of its parameters. 

b) Superiority of thus obtained controller in comparison 
with the original H∞ controller (which has a high order), 
which was shown for the case when there are no 
constraints (9). 
c) Elimination of the need to determine the weight 
function W(s), which is a non-trivial  problem. 

The simulation results were done on the CSTR 
model. 
Figure 3 shows the parameter plane with the limit values 
of the PI controller parameters for the required settling 
time. 

 
Figure 3. The parameter plane for the required 

settling time σm 
 

 
 
Figure 4. The parametrer plane with catalog of PI 

controllers for the required settling time 
 
From Figure 4 it can be seen, viewed from left to right, as 
it is formed a catalog of 6 (C1-C6) PI controllers with a 
corresponding step. For each of these controllers, the 
minimum of J criteria is calculated and it is established a 
catalog of a reference response, and a catalog of a load 
disturbance response. 
For a formed response catalog of controllers C1 to C6, a 
minimum of J criteria is determined based on the 
corresponding program written in Matlab, and its result is: 
J= min([J1,J2,J3,J4,J5,J6])= min([0.9968, 0.9968, 0.9969, 
0.9969, 0.9970, 0.9971]) =(J1,J2)= 0.9968. 
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Based on this result, it can be seen that the two 
controllers, C1 and C2, meet the minimum of J criteria in 
the already defined interval of the parametric plane that 
meets the condition of the required settling time. Figures 5 
and 6 show the reference system response and load 
disturbance response for the limit values of the C1 and C6 
controllers as well as the C2 controller which fulfills the 
minimum of J criteria.  

Figure 5. System response to reference for three 
controllers C1,C2 and C6 

Figure 6. System response to load disturbance for 
trhree controllers C1,C2 i C6 

On the basis of the results shown in Figures 5 and 
6, it can be seen that C2 controller gives the best result 
from the aspect of the responses to the reference and to the 
load disturbance rejection. 

Figure 7 shows Bode diagrams with system 
characteristics that are designed based on the values of the 
controller parameters C2. The picture shows that the 
system has the correct values of the phase margin and the 
gain margin. 

Figure 7. Bode diagrams for open loop designed 
with controller C2 

CONCLUSIONS 

In this paper, a simple interactive procedure, 
based on D-decomposition, is proposed for the design of 
the H∞PI controller. The design of the controller includes a 
limitation in the form of a given settling time. Through the 
simulation, it is formed a catalog of: response to reference, 
a response to suppression of load disturbance and 
minimum of H∞ control criteria. Based on the catalog, a 
controller is considered to be most suitable for the given 
process. The resultant controller was of a much lower 
order than the original H∞ controller that is obtained by 
using very complex numerical procedures. Also, the 
parameters of the H∞ PI controller have a physical 
meaning. 
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Neural networks are often used in data classification. Ordinary neural networks show inadequate accuracy solving such 
problem. Noticeable improvement in data classification is reaching using a set of ordinary neural networks. In this paper 
bioimpedance data classification using self-organizing mapping neural network is analysed. 
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1. INTRODUCTION

Artificial Neural Networks (NN) are widely applied 
as a classification tool in medical diagnosis [1], [2], [3]. 
Various types of NN can be used for classification.  No 
matter of NN which is used, the procedure for its applying 
is always the same: based on measured given data of a 
known classes, NN is trained to perform the best 
classification which means: to get the same NN output for 
input of the same class. NN are generally divided into two 
classes according to training method. They could be 
trained supervised or unsupervised. During supervised 
training supervisor feeds NN with correct output. 
Unsupervised training is applied on NN which set its 
output in input space according input data distribution. 

After training period NN is tested with new set of 
data presented to NN for the first time. If type and 
structure of NN is well chosen, training successfully 
completed the classification should be well performed.  

According to a type of training NN are divided into 
two classes: supervised or unsupervised. Supervised 
training means that prior training is known for each input 
in which class it belongs. NN during training is adapting to 
perform correct input-output mapping. Unsupervised NN 
perform mapping with no information about the class of 
input element. 

This paper is concerned with bioimpedance data 
classification using self-organizing mapping neural 
network (SOM). This type of NN is trained unsupervised. 
During training this NN tends to place its nodes in input 
space according to input data distribution. The number 
density of the nodes in input space is approximately 
proportional to the probability density of input data. 

SOM has unique feature that for one input only one 
node is active while all others are inactive. It means that 
for each input only one single node is active while all 
others are inactive (only one node has value=1, all 
others=0). The active node is nearest to input presented to 
NN.  

Bioimpedance – bioelectrical impedance analysis is 
a method widely applied in biomedical diagnostics [4], [5]. 
It is based on electrical properties of biological tissue 
measurements analysis. It is a noninvasive low cost 
method. Some research suggest that bioimpedance 
measurements depend on age [6], race [7] and gender [8]. 
In this paper it is analyzed if bioimpedance data could be 
divided into two classes according to gender: male and 
female. This classification is performed using SOM, 

neural network which performs unsupervised training. The 
whole procedure is described in detail.  

2. MATERIAL AND METHODS
In this paper are used the results of the in vivo 

bioimpedance measurements of human skin. The results 
are after measurement divided into two groups: elder and 
younger examinees. Each examinee is presented by its 
Coleplot [9], fig.1. 

The Cole equation: 

'''
)(1

jZZ
j

RR
RZ o +=

+
−

+= ∞
∞ αωτ

 (1) 

with: 
)]2sin()2[cos()( απαπωω αα jj +=  

Figure 1: Cole plot 

                      represents impedance distribution in complex 
plane. Z’ and Z” are real and imaginary part of impedance. 
Cole plot is a part of a circle with centrе above Z’ axis. For 
ideal capacitor plot is a semicircle with a centre on Z’ axis 
while pure resistor plot lies on Z’ axis. Constant phase 
angle (CPE), ϕCPE, [10] is a tangent angle, fig.1 while 
parameter α is defined as:  

φCPE=(απ)/2    (2) 
α∈(0,1). α=1 describes an ideal capacitor while the case 
α=0 describes a pure resistor. 
Four parameters are defined on this plot: R0, R∞, α, τ:  
R0 - resistance at low frequency,  
R∞ -resistance at high frequency,  
α  -parameter 
τ  − time constant:  

1[( ) ]oR R C α
∞τ = − (3) 

Time constant is calculated as: 
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∗=

ω
τ 1

 (4) 
Where ω∗ represents Imin=I(ω*). 

NN training of SOM contains few steps as follows: 
1) Inputs are classified in predefined classes (male and 
female examinees) 
2) Input data is presented to NN and it responds with its 
outputs 
3) After training period follows testing. All nodes of NN 
which are active only for inputs from one input class 
perform good classification. If such node is active it 
suggests a class of input element. Furthermore activation 
of such node refers to a class of input element. Also for all 
input elements that activated such nodes is assumed that 
are well classified.  
4) Classification of input data that are not well classified 
should be performed in other way (by other NN or other 
classification method). 

3. INPUT DATA 
NN input data consists of training set and test set 

data.  

3.1. Test data 
As a test data bioimpedance measurements are 

assumed. Test data consists of bioimpedance 
measurements of 31 female and 33 male healthy examinee 
and they form two classes of data. Since Cole plot, fig.1 
presents frequency response for a range of frequencies 
ω∈(0,+∞) it is impossible to perform a measurement to 
obtain the whole Cole plot. Bioimpedance measurements 
were performed on certain alternative current frequencies 
and some finite number dots of Cole plot were obtained. 
Since the Cole plot curve is a circle arc minimum three 
measurements are necessary. Based on these 
measurements (three dots) Cole plot is fitted through these 
dots fig.2.  

 
Figure 2:Cole plot fitting 

On fig.2 small circles present bioimpedance 
measured values. Circle arc is fitted through these values. 
Interception of arc with abscissa define values: R0 and R∞. 
Tangent line is constructed defining angle ϕCPE. Parameter 
α obtained from eq. (2), and time constant τ from eq. (3). 
During calculating time constant it is necessary to estimate 
the frequency where Z” – the imaginary part of impedance 

reaches its minimum. In that way it is obtained that each 
test data consists of four Cole parameters: R0, R∞, α, τ.  

3.2. Training data 
Training data set represents virtual data that is 

generated on the bioimpedance measurements data. There 
are two groups of bioimpedance measurements: male and 
female examinee. For each group average value and 
standard deviation is calculated. Based on these 
parameters, two groups, each comprising 500 elements 
with same statistic characteristics were generated.  

4. NETWORK STRUCTURE 

Number of NN nodes, its basic characteristic, is an 
arbitrarily chosen value. That number should be at least 
the same as number of classes of input data. Since number 
of input classes are two (male and female) and dimension 
of input vector is four, minimum of number of nodes is: 
2x2x2x2=24 (two classes on each axis). Generally, in order 
to improve classification, the number of nodes is chosen to 
be greater than calculated minimum (16) so in this case it 
is 5x5x5x3=375. It means that NN should have on three 
axis 5 subclasses on fourth axis 3 subclasses. This number 
is always much greater than number of classes of input 
data and depends on rate how input data of different 
classes are mutually mixed. In this case it is assumed that 
input data could be well classified with 375 nodes. This 
assumption will be tested during simulation. 

4.1.  Network training 
Each element of input data (1000 elements) is used 

to train the network during training period. Whole set of 
input data is repeatedly presented to NN. By each iteration 
nodes are slightly moving in input space tending to be 
positioned according to probability density of input data. 
Each training iteration implies using all 1000 input 
elements as NN input at random order.  

Number of training iterations is experimental 
variable which depends on how input data of different 
classes are mutually mixed. In this case 500 iterations 
were performed. It was tested that increase of number of 
training iterations do not lead to better input-output 
mapping accuracy. 

5. SIMULATION RESULTS 

5.1. NN testing to gender classification 
5.1.1. NN testing with whole set of input data 

Testing NN occurred after network training is 
finished. Testing was performed with bioimpedance 
measurements of 31 female and 33 male examinees. 

First bioimpedance measurements of 31 female and 
33 male healthy examinees are set as input data of NN 
with 375 nodes. Simulation results are: some NN nodes 
were activated by 23 female examinees only and other NN 
nodes were activated by 17 male examinees only. It is 
concluded that these nodes were active only by input of 
the same class and it is assumed that further activation of 
these nodes implies known input class.   

There are 8 female and 16 male examinees that 
activated the same nodes. Since same node was active for 
inputs of different class, classification of these data is 
unsatisfactory. Further activation of such node do not 
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determine the input class. For that reason these 
measurements are not well classified by this NN. 
Classification of these measurements should be performed 
in other way.  

5.1.2. NN testing with 3 Cole parameters 
In this paper is suggested classification of 

unclassified data in a special way: the use of combination 
of set of NN for further classification. These NN will use 
as input unclassified data only which in this case means: 8 
female and 16 male examinees. The rest data is considered 
well classified in a first step. 

Unclassified data (8 female and 16 male 
examinees) are presented to a new NN. New NN deals 
with a simplified input data: from four Cole parameters of 
input data, it chosen three of them. First combination of 
three Cole parameters that are chosen as NN input are: R∞, 
α, τ. Since input measurements are now three dimensional, 
structure of NN is simplified. Number of nodes are chosen 
as: 5x5x5=125. It means 5 nodes on each axis which 
should be satisfactory for classification. Number of 
training iterations was set to 500. Results of such choice   
are: 3 female examinees 3 male are well classified 
(different nodes were activated by male and female 
inputs). Unclassified data remained: 5 female and 13 male 
examinees. 

Next step is usage a NN with new combination of 
input Cole parameters:  R0, α, τ. NN structure and number 
of training iterations were the same for all kinds of three 
dimensional inputs: 5x5x5 and 500, respectively. With this 
combination of input Cole parameters unclassified data 
are: 4 female and 13 male examinees. Furthermore next 
combination of Cole parameters: R0, R∞, α  gives as a 
result 4 female and 12 male unclassified examinees. The 
last fourth combination of three Cole parameters R0, R∞, 
τ  as a result leaves 3 female and 11 male unclassified 
examinees.  

5.1.3. NN testing with 2 Cole parameters 
New combination of input data is a pair of Cole 

parameters. These pairs are: R0,α;   R0,τ;   R0,R∞; 
R∞,α;   R∞,τ;   α,τ.  Number of nodes are chosen as: 
5x5=25. Number of training iterations was set to 500. 
Applying a pair R0,α as an input gives as a result 3 female 
and 10 male unclassified examinees. All other 
combinations of inputs do not improve classification and 
at the end of the whole this group of parameters remain 3 
female and 10 male unclassified examinees.  

 
5.1.4. NN testing with single Cole parameter 

On the group of still unclassified examinees is 
chosen only one Cole parameter and testing was 
performed on it as an only input: R0, R∞, 
α, τ respectively. Νumber of nodes is 10.  Number of 
training iterations was set to 100. There is no changes 
applying R0, R∞, parameter as input. Applying α as input 
remain 3 female and 9 male unclassified examinees.  

5.1.5. NN testing with increased the number of nodes 
Testing was performed to improve classification 

with single Cole parameter with NN with 50 nodes. 
Number of training iterations was set to 500. All other 
conditions were the same as in 5.1.4. Applying α as input 

parameter remain unclassified 3 female and 9 male 
unclassified examinees. Further on applying R0  as input 
parameter remain unclassified 3 female and 4 male 
unclassified examinees. Increasing the number of nodes to 
100 NN with R0 as input parameter gave slightly 
improvement: 3 female and 3 male unclassified 
examinees. All other inputs R∞, α, τ gave no improvement.  
5.1.6. NN with additional parameter gain  

Since classification was not performed satisfactory 
by varying a number of Cole parameters as an NN input, 
their quantitative analysis was performed 

The range of first Cole parameter R0, resistance at 
low frequency, is MΩ order of magnitude. The range of 
first Cole parameter R∞, resistance at high frequency, is kΩ 
order of magnitude. Cole parameter with minimum order 
of magnitude is ∝, ∝ 𝜖𝜖 (0, 1), table 1. 

 

Table 1: the order of magnitude of Cole parameters 
 

R0 [MΩ] R∞[kΩ] α[/] τ[ms] 

6 3 -1 1 
 

From table 1 is obvious that significance of 
parameter ∝ is smallest. It is shown that it varies relating 
to gender [8]. It is very obvious to notice such 
characteristic on Cole plot: coefficient ∝ is proportional to 
tangent angle of Cole plot, eq.2, and change of   ∝ values 
shifts the Cole plot. In this measurements is obtained 
that average value for male examinees is ∝=0,67 and 
for female examinees is ∝=0,86. It means that Cole plot 
for female examinees is above male examinees.   

NN was tested with all four Cole parameters 
whereby values of parameter ∝ were multiplied by 106. 
This way its influence was approximately the same as 
parameter R0. Number of training iterations was 100. Such 
inputs slightly improved testing result: 3 female and 2 
male unclassified examinees. Further increasing a number 
of iterations gave no improvement since after 500 
iterations the number of unclassified examinees was the 
same: 3 female and 2 male unclassified examinees. 

 Further testing was focused on NN with three Cole 
parameters as inputs: R∞, α, τ, where values of parameter 
∝ were multiplied by 106. In this case, according to table 1 
the most significant Cole parameter is α since its values 
are multiplied by 106. 

In this case the rest of unclassified measurements, 3 
female and 2 male are precisely classified. This means that 
classification is performed with no error and all data are 
classified. 

In each testing procedure where number of 
unclassified measurements was reduced certain number of 
NN nodes are labelled as active for input from certain 
class. Further activity of such a node implies a class in 
which such input belongs to. In that way all active nodes 
are labelled and its class is defined. Further input should 
activate one of these nodes suggesting a class to which it 
belongs. 

Network prepared in this way should perform 
classification with no error. This is possible to expect only 
if measured data are representative for its class. This is 
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general characteristic of all NN no matter of its type. This 
means that certain errors are possible to appear. Such 
errors are correcting in ordinary way: all new input data 
are presented to NN as train data and NN is adapting to 
them. After training period NN should make no error with 
such data.  

5.2. NN testing to age classification 
Measurements of 31 female and 33 male examinees 

used in 5.1 are also used to age classification by NN. It 
means that measurements of these examinees are sorted 
into two groups according to age: younger examinees up 
to 25 years of age and older ones. Since it is assumed that 
bioimpedance measurements depends on age [8], 
classification on two groups: younger and older examinees 
was performed by NN. Bioimpedance measurements of 45 
young examinees represent first group and 19 
bioimpedance measurements of the rest second group with 
older ones.   

The type NN is SOM, NN structure 5x5x5x3=375. 
Test data are bioimpedance measurements. Since 
measured values are inadequate for training, virtual data 
training set is generated: group of 500 young and 500 old 
examinees with same statistic parameters as measured 
ones: young and old respectively. Number of training 
iterations is 500. 
5.2.1. NN testing with whole set of input data 

Both groups, 19 old and 45 young examinees are 
presented by four Cole parameters. The result is 9 young 
and 10 old unclassified examinees. 
5.2.2. NN testing with 3 Cole parameters 

These NN will use as input unclassified data only 
which in this case means: 9 young and 10 old unclassified 
examinees. The rest data is considered well classified in a 
first step. Input measurements are now three dimensional, 
structure of NN is simplified. Number of nodes are chosen 
as: 5x5x5=125. Number of training iterations was set to 
500.  

First combination of three Cole parameters that are 
chosen as NN input are: R∞, α, τ. Unclassified data 
remained: 2 old and 5 young examinees. It is significant 
improvement in classification process since NN with 4 
Cole parameters remained unclassified 9 young and 10 old 
examinees.  

Now is applied NN with new combination of 3 
Cole parameters input:  R0, α, τ. Number of unclassified 
examinees is still the same: 2 young and 5 old as it is with 
NN with next combination of 3 Cole parameters input: R0, 
R∞, α. Improvement is seen with last combination of 3 
Cole parameters R0, R∞, τ:  unclassified are 2 young and 4 
old examinees.  
5.2.3. NN testing with 2 Cole parameters 

These pairs are: R0,α;   R0,τ;   R0,R∞; 
R∞,α;   R∞,τ;   α,τ.  Number of nodes are chosen as: 
5x5=25. Number of training iterations was set to 500. 
Applying a pair R0,α as an input makes no classification 
improvement: still unclassified are 2 young and 4 old 
examinees. The same result is with next two input pairs: 
R0,τ and  R0,R∞. The same improvement is seen with next 
input pair: R∞,α unclassified are 1 young and 3 old 
examinees. Applying the next Cole parameters pair: R∞,τ 

left 1 young and 2 old examinees unclassified. The last 
combination of Cole parameters pair: α, τ left unclassified 
1 young and 1 old examinees only.  

5.2.4. NN testing with single Cole parameter 
Testing was performed on still unclassified inputs: 

1 young and 1 old examinee. Νumber of nodes is 50.  
Number of training iterations was set to 100. Input was 
Cole parameter: R0, R∞, α, τ respectively. With R0 as input 
parameter certain improvement was achieved: unclassified 
is only 1 old examinee. No further improvement was 
achieved in classification with other Cole parameters since 
after whole set of such inputs still remained left 
unclassified 1 old examinee.  

 

6. DISCUSSION 
In this paper classification of bioimpedance measurements 
of human healthy examinees was performed. 
Bioimpedance spectroscopy is a popular method for 
characterizing the electrical properties of biological 
tissues. Classification was performed by gender as well as 
by age. All bioimpedance measurements were simplified 
by taking into account its basic values: four Cole plot 
parameters. Each examinee was presented by these four 
parameters. The problem that was analised in this paper 
was to classiffy input data into classes by: a) gender, b) 
age.  
Problem of such classification is that no prior information 
about input data is available. Common classification 
method that uses hyperplane to separate input data may 
not be useful. Input data of different classes could be 
mixed with each other with no clear boundary between 
them. 
Since the distribution of input data is unknown, a specific 
classification method using neural networks is applied. 
Classification using specific type of neural network, self 
organizing mapping NN (SOM) lies in its underlying 
property: such NN sets its nodes in input space according 
probability density of input data. Nodes are distributed 
into input space according to input data density. Another 
important property of such NN is that after training, nodes 
which are on fixed positions in input space, are active only 
for input in its closest neighborhood. This important 
feature is used as a classification tool. It means that 
activation of certain node in test mode by certain input 
implies that input is close to that node. This basic property 
of SOM is used to perform satisfactory classification. The 
curve which separates input data on classes could be of 
any shape. It can form unlimited number of separated 
subsets of the same class in the input space. There are no 
limits of the shape of separation line in the input space 
also. It could be very convinent separation tool. 

All these SOM properties have led to chose SOM 
as a best choice for classification such intricate input data. 
Dealing with NN as a classification tool one has to take 
into account certain limitations which are not particularly 
relating to NN. Input solitary data which is located far 
from any other data group, »outlier“, is very hard to 
classify regardless of the classification method. Since 
SOM distributes its nodes according probability density of 
input data, it is expected that outliers should not be well 
classified. It is practically impossible to determine the 
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outliers in these four dimensional input data. The only 
measure of its grouping could be statistical dispersion. The 
dispersion values of input data are the same order of 
magnitude and no outliers were deleted from input set 
data. It means that all bioimpedance measurements were 
included in NN training and testing.  
After a type of NN has been chosen its structure is 
determined. Certain experience dealing with NN is 
necessary to define NN structure. Enormous number of 
NN nodes were chosen, much greater then number of input 
measurements. The number of NN nodes is chosen 
according to virtual training data rather than 
measurements.  

At the beginning gender classification was 
performed (5.1.). First part of NN performance on the 
whole set of input data has shown that significant part of 
input data is not classified: 8 female and 16 male 
examinees. Since not all of Cole parameters are gender 
sensitive in the same way, partial analysis was performed 
using various set of input data. All combinations of input 
data were made: four Cole parameters, all combinations of 
three, two and single Cole parameter as NN input. 
Significant improvement was achieved with this method: 
the number of 8 female and 16 male unclassified 
examinees is reduced to 3 female and 9 male unclassified 
examinees. Increasing the number of nodes and number of 
iterations with single Cole parameter NN led to 3 female 
and 3 male unclassified examinees. Further applying gain 
on parameter α with whole set of input data has led to 3 
female and 2 male unclassified examinees. Finally, NN 
testing with 3 Cole parameters: R∞, α, τ  with additional 
gain on parameter α enabled accurate classification of 
whole input set data. 

The similar procedure was performed in age 
classification (5.2.). Classification with the whole set of 
input data has shown that significant part of input data is 
not classified: 9 older and 10 younger examinees. Further 
significant improvement was achieved using three Cole 
parameters R∞, α, τ   as NN input: 2 older and 5 younger 
unclassified examinees. Other combinations of three Cole 
parameters as inputs led to slightly improvement: 2 older 
and 4 younger unclassified examinees. All other 
combinations of two Cole parameters reduced unclassified 
examinees to:  1 older and 1 younger. The rest 
combination of NN with single Cole parameter led 
unclassified 1 older examinee only. The error of 
classification of this NN set is 5% of older examinees or 
1,5% of whole examinees population. In age classification 
no further classification analysis increasing the number of 
iterations nor the number of nodes was performed.  

To improve age classification by this type of NN it 
is imposed to deeply analyze influence of increasing the 
number of iterations and additional gain set to Cole 
parameters in the same way that it was performed in 
gender classification. 

Dealing with NN it should always bear in mind that 
its performance always depends on input training data. So 
it is necessary to perform NN training procedure each time 
when new measurement data are presented to NN. 

General remark to a proposed classification method 
is that is missing an information that could be significant. 
Since bioimpedance measurements are insufficient for 
proper NN training virtual data set is created. NN should 

be trained on this virtual data set first. Classification of 
such data would be helpful in a manner to get the 
information how virtual data are classified. Ratio of 
classified and unclassified virtual data should give an 
information of classification quality. Moreover, it is 
possible that NN trained on virtual data only, perform 
satisfactory classification of virtual data as well as 
bioimpedance measurements.  

This is proposal for further research which would 
be fruitful. 
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Kinematic and dynamic analysis od the path of movement of the robot 
Ljiljana Pecić1*,, Zvonko Petrović1, Nikola Kostić1 
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Kinematic and dynamic control problems for a pedestal-mounted robot with a multilink arm are formulated. The 

robot is considered  as a system of perfectly rigid bodies controlled by a combined actuating system. The mathematical 
model of robot dynamics accounts for the elastic properties of actuator components based on the formalism of  Lagrange 
equations of the second kind. A robot with a two-link arm is considered as an example. 

Keywords: robot manipulator, kinematic control, dynamic control
1. INTRODUCTION

In this paper the Lagrange equations of a second 
order are formed for the given robotic system assuming 
that no elastic deformation exist. 

Firstly, a model of the kinematic chain is formed, 
which consists of four members: a first support pillar-
member, revolving platform - the second member, the 
stick - the third member, the rod-the fourth member. 
Members of the adopted kinematic chain adopted of a 
given robotic system build kinematic pairs of the fifth 
class - the revolving joints with one feedom degree. Joint 
axes are the axes of members relative rotation, which build 
kinematic chain pairs. 

Figure 1.Robotic system model 

Figure 2. Open kinematic chain of adopted robotic system 

As afirst member  a fictitious member body is 
introduced (a body whose mass is equal to zero), the 
second member is taking a translational movement and the 
third and fourth members are performing rotation. Local 
coordinate systemof a suitable orientation is dedicated to 
each member of a kinematic chain and their origins are 
settled in the mass centers of suitable members. The 
rotation angels arround joint axes for each kinematic pair 
are also defined. 

Rodrig transformation matrix equations are used 
for writting the equations for the angular velocity, angular 
acceleration, velocity and acceleration of the center of 
mass for each member of the kinematic chain. The 
governing equations are of the general type, that can be 
taken out for various combinations of movement of the 
members during their working process. 
The whole procedure is done using a software package 
MatLab. 

The robot structure includes spatially oriented 
multilink hinged-rod manipulator on a lift-and-turn 
platform that moves relative to a fixed post. A 
mathematical dynamic model of such a robot represented 
by a system of perfectly rigid bodies is constructed based 
on the formalism of Lagrange equations of the second 
kind. 

It includes a system of interconnected nonlinear 
ordinary differential equations. Because the model takes 
the elastic properties of actuators into account, the order of 
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this system is twice as high as that in the model for a robot 
with rigid actuators. A robot with a two-link arm will be 
considered as an example. 

Figure3. Industrial robot 

2. FORMULATION OF CONTROL PROBLEM
Let we consider a pedestal-mounted industrial

robot equipped with a hinged-rod arm (Fig. 1) to transport 
a finite-size weight to a prescribed location. The robot 
includes a vertical post on a fixed pedestal, a lift-and-turn 
platform moving along and rotating about the post, a 
multilink arm attached to the platform, and a weight 
rigidly attached to the last link of the arm. A mechanical 
model of this robot assumes all theabove-mentioned 
bodies perfectly rigid and numbers them sequentially in 
the order they are connected (Fig. 1), the number –1 being 
assigned to the fixed pedestal. It is also assumed that the 
manipulator arm is a chain of N rectilinear rods connected 
to each other and to the platform by perfect cylindrical 
joints. Rectilinear motion is imparted to the platform by an 
actuating mechanism. It is mounted on the fixed pedestal 
and employs a tooth belt and a drum to transmit the rotary 
motion of the motor to the mobile platform. The actuators 
intended to rotate the platform and manipulator links are 
built directly into the joints of these units. Each of the 
above actuating mechanisms possesses elastic compliance 
and can control the corresponding unit, either in the 
angular acceleration of the motor shaft or in the shaft load 
moment generated by the motor. Let the actuator of 
rectilinear motion have the number –1 and each actuator of 
rotary motion have the number of the unit it drives. In 
order to construct a mathematical dynamic model of this 
mechanical system, let the platform be referred to a fixed 
coordinate system Oxyz with unit vectors i, j, k

  

, and the 
Oz-axis running along the post axis, as shown in Fig. 1. 
Let also each nth ( )0, 1n N= +  mobile body be referred to

a coordinate system n n n nC x y z  with unit vectors , ,n n ni j k


 

the origin coinciding with the center of mass of the body, 
and the axes being the principal central axes of inertia. 
Further, we direct the coordinate axis n nC x  along the axial 

line of the nth 1,n N=  rod link of the manipulator and 
introduce an additional coordinate system n n n nO x y z  with 

the origin at the point On of the link and the axes parallel 
to those of the system n n n nC x y z  .For the platform (n = 0) 
and the body (n=N+1) it carries, we orient the axes of the 
system n n n nC x y z  so that the axes ,n n n nC x C y  and n nC z  of 
all bodies in the mechanical system are parallel to the axes 
Ox, Oy, and Oz of the fixed coordinate system when the 
the robot kinematic chain is aligned in parallel to the Ox-
axis.  

Let the axis of each nth 1,n N=  joint, which 
connects the ends of the (n – 1)th and nth bodies, with a 
unit vector ne  coincide with one of the axes of the local
coordinate system n n n nO x y z  and, therefore, the equality 

, ,n n n n n ne i e j e k= = =


 

   holds. With  0Z  and 0θ are 
denoted the coordinates of the platform’s center of mass 

0C  in the fixed coordinate system Oxyz and the angle of 
rotation of the coordinate system 0 0 0 0C x y z  about the 

0 0O z -axis relative to the system Oxyz and by ,n nϕ ψ or nθ

( )1,n N=  are denoted the angles of rotation in the system

0 0 0 0C x y z  around one of the axes ,n n n nO x O y , or 

n nO z relative to the system. 1 1 1 1n n n nO x y z− − − −  (this angle is 
between the nth and (n – 1)th bodies of the mechanical 
system). Assume that the above angles of rotation are 
positive if rotations they describe go counterclockwise 
when viewed from the ends of the corresponding axes of 
rotation. Also assume that the platform is subjected in the 
joint 0C  to an external force 0

eF  and moment 

( )0 1,eM n N=  and the nth link is subjected in each nth 

( )1,n N= joint nO  to the external moment e
nM

transmitted from the corresponding actuator. The external 
force 0

eF is assumed positive if it tends to move the 
platform in the positive direction of the OZ-axis, and the 
external moment ( )0 1,eM n N=  is positive if it tends to 

rotate the body in the positive direction. 
Let us pose kinematic and dynamic control 

problems [10, 11]: carry out kinematic and dynamic 
control by specifying N + 2 functions of angular 
accelerations ( ) ( )1,n n t n Nα α= =   of the motor shafts 

and N + 2 program laws of variation in the 
electromagnetic moments ( )( )1,n nM M t n N= =

developed by the motors. Assume that the time lag in the 
electric circuits of the motors can be neglected and that the 
electromagnetic moments are generated with a required 
accuracy. Hereafter, an overdot denotes a derivative with 
respect to time. The mechanical system with N + 2 
actuators that simulates the mechanical part of the robot 
has 2(N + 2) degrees of freedom. For unique determination 
of its spatial configuration, we introduce a set of 
generalized coordinates ( ) ( )1,nq q t n N= =  which are the 

coordinate of the center of mass of the 0th body and the 
angles of rotation of the nth ( )1,n N=  body about the (n –

1)th body, and ( )( )' ' 1,n nq q t n N= = which are the angles 
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of rotation of the motor shafts. Then according to the 
notation adopted, 1 0q Z− =  and 0q  for the controlled 
bodies, ,n n n nq qϕ ψ= =  or n nq Q= ,depending on the 

orientation of the nth ( )1,n N=  joint, and

( )1 1 0 0' , ' , ' 1,n nq q q n Nα α α− −= = = = for the actuator 

motors To set up the equations of motion for the 
mechanical part of the robot, we take advantage of the 
Lagrange equations of the second kind: 

( ), ' , 1,
' 'n n

n n n n

d L L d L LQ Q n N
dt q q dt q q
   ∂ ∂ ∂ ∂

− = − = = −   ∂ ∂ ∂ ∂    

             (1) 

To evaluate the generalized forces ( )1,nQ n N=  equal to 

the external actions 0
eF and ( )0,e

nM n N= , let us reduce 

the moments ( )1,nM n N=  developed by the motors to 

the controlled bodies for each degree of freedom with 
allowance for the transmission ratios and design features 
of the transmission mechanisms. We will neglect lag 
effects in the transmission mechanisms and assume that 
the above-mentioned actions depend only on the elastic 
properties of reduction gears. Then 

( ) ( ) ( )1 1 1 1 1
0 1 1 1 1 1 1' , ' 0,e e

n n n n n nF k q i q i r M k q i q i n N− − − − −
− − − − − −= − = − =     (2) 

The generalized forces 'nQ are defined by 

( )' 1,n nQ M n M= = −    (3) 

3. THE FORMING RODRIGO TRANSFORMATION
MATRIX ANGULAR VELOCITY AND ANGULAR

ACCELERATION OF ALL MEMBERS OF THE 
ROBOTIC SYSTEM 

In the general case, the angel speed of i-th 
member of body Vi is: 

( )

i i

i i i i αα i
α 1 α 1

ω χ q e Ω q
= =

= =∑ ∑




                                               (4)

where ( )α iΩ


is analogon of  angular velocity of the 
generated coordinates and it is: 

( )
α α

α i

χ e , α i
Ω

0, α i
≤ 

=  ≥ 





...         ...(5) 

So, the angular speed in matrix form is: 
( ){ } { }

i
0 α

i α 0,α α α
α 1

ω χ R e q
=

 =  ∑ 

  ..     .. (6) 

Whereby, the generated coordinates are the 
suitable angels: 

{ } { }1 2 3 4 1 2 3 4q ,q ,q ,q ξ ,φ ,φ ,φ= ...           .... (7) 
The defined connections between members of kinematic 
chains are achieved across rotation joints, so joint type 
indicators take values: 

1 2 3 4 1 2 3 4χ = 1 ; χ χ χ 0 и χ 0 ; χ χ χ 1= = = = = = = .              .. (8) 

Projections of adequate unit vectors ( )i
ie on the

axes of coordinate systems  i i i iC ξ η ζ are: 

( )

( )

( )

( )

1
1

1
1

1
1

4
4

0
e 0

1

1
e 0

0

1
e 0

0

1
e 0

0

 
 =  
 
 
 
 =  
 
 
 
 =  
 
 
 
 =  
 
 









(9) 

Dual facilities ( )i
ie 

  of adequate unit vectors ( )i
ie

are: 

( )

( ) ( )

( ) ( )

( ) ( )

( )

1 1
1ζ1 1η1

1 1 1
1 1ζ1 1ξ1

1 1
1η1 1ξ1

1
1

0 e e

e e 0 e

e e 0

0 1 0
e 1 0 0

0 0 0

 −
 

  = −    
−  

− 
   =   
  





(10) 

( )

( ) ( )

( ) ( )

( ) ( )

( )

2 2
2ζ2 2η2

2 2 2
2 2ζ2 2ξ2

2 2
2η2 2ξ2

2
2

0 e e

e e 0 e

e e 0

0 1 0
e 1 0 0

0 0 0

 −
 

  = −    
−  

− 
   =   
  





(11) 

( )

( ) ( )

( ) ( )

( ) ( )

( )

3 3
3ζ3 3η3

3 3 3
3 3ζ3 3ξ3

2 2
2η2 2ξ2

3
3

0 e e

e e 0 e

e e 0

0 0 0
e 0 0 1

0 1 0

 −
 

  = −    
−  
 
   = −  
  





(12) 

( )

( ) ( )

( ) ( )

( ) ( )

( )

4 4
4ζ4 4η4

4 4 4
4 4ζ4 4ξ4

4 4
4η4 4ξ4

4
4

0 e e

e e 0 e

e e 0

0 0 0
e 0 0 1

0 1 0

 −
 

  = −    
−  
 
   = −  
  





(13) 

Rodrige transformation matrix is now: 
[ ] ( )( ) ( ) ( ) ( )

2i i
r,i i i i i iA I χ 1 cos q e e sin q      = + − + ⋅       

 

(14)

Differentiating relation ( )iV  by time gives 
expression for the angular acceleration of the body, Vi,  in 
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the form of: 

( ) ( )

n n n
i

i α α βα i αβ i
α 1 α 1 β 1

dωε q Λ q q
dt = = =

= = Ω +∑ ∑∑






  

 (15) 

where: 

( )
( )

( )
( ) ( )

( )

α i
αβ i

β

β β β βα i α i
αβ i

β β
β α

Λ
q

χ e χ e , β α
Λ

0, β α и α i

χ e , β α

0 , β α

∂Ω
=

∂

 ×Ω = Ω × ∀ ≤ =  
∀ > ∀ >  

∀ ≤  Ω =  
∀ >  





 

  











  (16) 

Using above mentioned relations, the equation for 
angular acceleration is: 

( ) ( ) ( )

n n n

i α α βα i β α α i
α 1 α 1 β 1

i n n

i α α α β α β α α β
α 1 α 1 β 1

ε q q q

ε χ q e χ χ e e q q

= = =

= = =

= Ω + Ω ×Ω

= + ×

∑ ∑∑

∑ ∑∑

  



  

   

  

 (17) 

The equation for body angular acceleration, Vi, in 
matrix form is: 

( ){ } ( ){ } ( ) ( ){ }
i i i

0 α β α
i α 0,α α α β α 0,β β β,α α α β

α=1 α 1 β 1
ε χ R e q χ χ R e R e q q

= =

     = +      ∑ ∑∑  

   

      (18) 

The mass center position vector ci of a solid body 
in a relation to a fixed point is: 

( )
i

ci k k k k cii
k=1

OC r ρ χ q e ρ= = + +∑


    .  . (19) 

Differentiating this relation per time, the 
expression for mass center valocity ci of a solid body Vi is 
obtained: 

ci
Ci

dr
V

dt
=




  (20) 

The mass center velocity of a solid body can be 
also defined through mass center position vector partial 
excerpt per generated coordinate: 

i i
ci

Ci α Ci,α α
α 1 α 1α

dr
V q V q

dq= =

= =∑ ∑


 

      (21) 

Where by : 
( )ci ci 1 ir r q ,...,q=

  -Mass centers position vectors,

Ci,αV


- Velocity analogon for point ic  per 
generated coordinate αq . 
Where by, for mass centers position vectors applies: 

α α k kk

α

α α kk

α

α α cici

α

χ e q ρ , α kρ
q 0 ; α k

χ e ρ , α ke
q 0 ; α k

χ e ρ , α kρ
q 0 ; α k

× ∀ ≤ ∂  =  
∂ ∀ >  

× ∀ ≤ ∂  =  
∂ ∀ >  

× ∀ ≤ ∂  =  
∂ ∀ >  

 





 





 





..            .. (22) 

Using this last expression, we got: 

( )
i

ci,α α α k k k k ci α α
k=1

ci,α

V χ e ρ χ q e ρ χ e ; α i

V 0, α i

  = × + + + ∀ ≤  
  

 = ∀ > 

∑


    



..            .. (23) 

Or in matrix form, the expresion looks like: 

( ){ } ( ) ( ){ } ( ){ }( ) ( ){ } ( ){ }
i

0 α k k i α
ci,α 0,α α α,k k k k k α,i ci α 0,α α

k α
V χ R e R ρ χ q e R ρ χ R e , α i

=

         = + + + ∀ ≤           
∑



   



   (24) 

Let we adopt that: 

0 1 1 2 2 3 3 42 31 4O O l ; O O l ; O O l ; O O l= = = = .            (25) 
So, this lengths in vector’s form is: 

( ){ }

( ){ }

( ){ }

( ){ }

1
1

1

2
2 2

3
3 3

4
4 4

0
ρ 0

l

0
ρ l

0

0
ρ l

0

0
ρ l

0

 
 =  
 
 
 
 =  
 
 
 
 =  
 
 
 
 =  
 
 









 (26) 

The mass centers position vectors in the ratio with 
the relative coordinate systems  are:  

( ){ }

( ){ }

( ){ }

( ){ }

1
c1

c1

2
c2 c2

3
c3 c3

4
c4 c4

0
ρ 0

l

0
ρ l

0

0
ρ l

0

0
ρ l

0

 
 =  
 
 
 
 =  
 
 
 
 =  
 
 
 
 =  
 
 









(27) 

where:  

0 c1 1 c2 2 c3 3 c42 31 4O C l ; O C l ; O C l ; O C l= = = = ...      (29) 
Differenting per time the form for mass center 

velocity of a solid body of kinematic chain the form for 
mass center acceleration  of solid body is received: 

( )
i i

ci,αci
ci ci,α α α ci,α ci,α 1 i

α=1 α=1

2i i
ci,α ci,α ci

β ci,αβ β ci,αβ ci,βα
β=1 β=1β α β

dVdVa V q q ; Where is : V V q ,...,q so is :
dt dt

dV dV rq Г q ; where is : Г Г
dt q q q

= = + =

∂
= = = =

∂ ∂ ∂

∑ ∑

∑ ∑





  



 

 



  

 

..(30) 

The expression is now: 
i i i

ci ci,α α ci,αβ β α
α=1 α=1 β=1

a V q Г q q= +∑ ∑∑
 



   ...       (31) 

For vector ci,αβГ


 now is applied: 

( )
i

ci
ci,αβ α α ci,β α α k k k k ci α α α α ci,β

k αβ β

ci,αβ α α ci,β

ci,αβ β β ci,α

rГ χ e V χ e ρ χ e q ρ χ e χ e V
q q

Г χ e V , α β

Г χ e V , α β

=

∂ ∂ = × = × + + = × = × ∂ ∂ 

 = × ∀ ≤ 
 

= × ∀ >  

∑


  

      

 



 



 (32) 

so: 
( ) ( )ci,αβ a a ci,bГ χ e V ; a min α,β и b max α,β= × = =

 

 .. (33) 
In matrix form, the acceleration of mass center is: 

( ){ } ( ){ } ( ){ } ( ){ } ( ) ( ){ }
i i i

0 0 0 0 α b
ci ci,α α ci,αβ β α ci,αβ α 0,α α a,b ci,b

α=1 α=1 β=1
a V q Г q q ; Г χ R e R V    = + =     ∑ ∑∑

   



   

  (34) 
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4. SOFTWERE PACKAGE MATLAB APPLICATION 
FOR FORMING LAGRANGES EQUATIONS OF 

SECOND ORDER 

The Lagranges equations of second order  are formed in 
software package Matlab, using special part of Matlab 
dedicated for this kind of problems. The possibility to 
change initial data in this kind of defined mathematical 
model of robot’s movement is the advantage. 

The expressions for valocity and acceleration are 
obtained in next shape: 
Vc1:=(`&chi;_1`*R01*e11*(R11*(`&rho;_1`)))*`&phiv;_
1`'+R01*e1*`&zeta;_1' 

        (35) 
Vc2:=Vc21*`&zeta;_1'`+Vc22*`&phiv;_2'` 

           (36) 
Vc3:=Vc31*`&zeta;_1'`+Vc32*`&phiv;_2'`+Vc33*`&phi
v;_3'`: 

 

( ) ( ) ( ) ( )( )
( ) ( )( ) ( ) ( )

( )

3 2 3 2 2 3

2 2 3 3 2 3

1 3 3

0,5 ' sin sin 'cos 0,5 cos 0,7

'sin 0,5cos 0,7 0,5 'cos sin

' 0,5 'cos

ϕ ϕ ϕ ϕ ϕ ϕ

ϕ ϕ ϕ ϕ ϕ ϕ

ζ ϕ ϕ

 ⋅ ⋅ − ⋅ +
 
 − + − ⋅
 
 + 

 (37)

Vc4:=Vc41*`&phiv;_1`'+Vc42*`&phiv;_2`'+Vc43*`&phi
v;_3`'+Vc44*`&phiv;_4`': 

  (38)
ac1:=Vc11*`&zeta;`''+Gc111*`&phiv;_1`'*`&phiv;_1`':  

      (39) 
ac2:=Vc21*`&zeta;''`+Vc22*`&phiv;_2`''+Gc211*`&phiv;
_1`'*`&phiv;_1`'+Gc212*`&phiv;_1`'*`&phiv;_2`'+Gc221
*`&phiv;_2`'*`&phiv;_1`' 

   (40) 
ac3:=Vc31*`&phiv;_1`''+Vc32*`&phiv;_2`''+Vc33*`&phi
v;_3`''+Gc311*`&phiv;_1`'*`&phiv;_1`'+Gc312*`&phiv;_
1`'*`&phiv;_2`'+Gc313*`&phiv;_1`'*`&phiv;_3`'+Gc321*
`&phiv;_2`'*`&phiv;_1`'+Gc322*`&phiv;_2`'*`&phiv;_2`'
+Gc323*`&phiv;_2`'*`&phiv;_3`' 
 

 (41)
ac4:=Vc41*`&zeta;''`+Vc42*`&phiv;_2`''+Vc43*`&phiv;_
3`''+Vc44*`&phiv;_4`''+Gc411*`&phiv;_1`'*`&phiv;_1`'+
Gc412*`&phiv;_1`'*`&phiv;_2`'+Gc413*`&phiv;_1`'*`&p
hiv;_3`'+Gc414*`&phiv;_1`'*`&phiv;_4`'+Gc421*`&phiv;
_2`'*`&phiv;_1`'+Gc422*`&phiv;_2`'*`&phiv;_2`'+Gc423
*`&phiv;_2`'*`&phiv;_3`'+Gc424*`&phiv;_2`'*`&phiv;_4

`'+Gc431*`&phiv;_3`'*`&phiv;_1`'+Gc432*`&phiv;_3`'*`
&phiv;_2`'+Gc433*`&phiv;_3`'*`&phiv;_3`'+Gc434*`&p
hiv;_3`'*`&phiv;_4`'+Gc441*`&phiv;_4`'*`&phiv;_1`'+Gc
442*`&phiv;_4`'*`&phiv;_2`'+Gc443*`&phiv;_4`'*`&phiv
;_3`'+Gc444*`&phiv;_4`'*`&phiv;_4`' 
 

(42)
 

5. CONCLUSION 
This paper presents the development of a model 

for anthropomorphic industrial robot, which can be 

managed on the basis of knowledge of the equations for its 
peak motion. In this way, the process of forming the 
Lagrange’s equations is  simplified, so the robot control is 
easily and accurately. 
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According to high accuracy of this model, this 
method is suitable for the development, programming and 
testing simple and complex robot programs, which 
facilitates the process of programming, avoid unwanted 
bugs and damages on the very expensive industrial robots. 
In future, it is necessary  to study the impact of robot load 
on positioning accuracy and movement valocity. 
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Need for healthy drinkable water is growing from day to day, but available resources are limited. Accelerated 
development of information communication technologies opens the path for evolving upgrade of existing systems for 
production, distribution and consuming clear water on different levels. Internet of Things (IoT) technology is not suitable 
for real-time control and safety critical applications. Still, it makes possible that using public Internet networks we increase 
reliability of existing systems or develop application that are tolerant to time delay. 

In this article we present a water drain emergency system which is using cheap network embedded system. On first 
level, it stops unwanted rise of water level in manholes of water network. On second level sends SMS alarm using GSM 
network. Data of alarm is keeping in database for further analyze. 

Keywords: water level control, manhole, alarm service, Internet of Things, Arduino 

1. INTRODUCTION
Reserve of drinkable water in world and in our 

country are less by the day. It is expected that by 2025. 
year, about 2/3 of world’s population feels serious missing 
of water. Water is becoming increasingly important 
strategic resource. Manufacturing and distributing 
sufficient amounts of water is becoming increasing 
technical challenge. Using modern information 
communication technologies in monitoring, management 
and maintenance may even a bit contribute in solving 
problems in this area. 

Remarkable price drop for microprocessors and 
other electronic equipment opens possibility for wider 
application of network embedded systems (NESs) in 
different engineers disciplines and also in area of 
production and distribution of water. Different types of 
“smart” sensors and actuators are used more and more. 
They are containing microprocessor with additional 
processor power and network interfaces for remote 
communication. In addition to increased local possibilities 
(filtering, self-tuning, fault diagnostic, linearization, 
control) communication in real-time enables 
synchronization and optimal work on system level. Idea is 
to upgrade existing systems with not expensive NESs and 
with their synenergy acquire new value. With that, system 
for distribution of water can easier implement in global 
system for providing services as distributing electric 
power, gas, heat, Internet, etc. 

Embedded systems (ES) began to use during 70’s 
years of past century. But for users, most visible presence 
of computers for general purpose are ES – which are 
having most wider use. For example, it is expected that 
Electricity Smart Grid Networks become 100 to 1000 
times more ES than that is a case on whole Internet [1]. In 
the beginning, ES were watched only as small general-
purpose computers with limited resources. Design of these 
systems are based to implementation some of optimization 
techniques. Recently, engineers realized that main 

challenge in design this kind of systems arises in their 
interaction with physical processes and not from limited 
resources [2]. Interaction between ES and real word is 
changing continuously. It can be viewed from different 
levels. Depending of technology which is used in mutual 
communication, there are different names: Cyber-Physical 
System (CPSs), the Internet of Things (IoT), Industry 4.0, 
Machine-to-Machine (M2M), the Internet of Everything, 
etc. 

It is often to in realization of one system, different 
technology are intertwined. For example, in production of 
pure water, we can use SCADA system for remote reading 
of consuming of water with use of IoT technology, GSM 
in maintenance, XML for exchanging of data, etc. 
Independent from technology which is used, NESs is 
backbone of networks. During the process of design NESs 
based system, it should be considered joint dynamics of 
physical processes, hardware, software and networks [2]. 
Happenings in real world have continuous character, while 
in virtual world changes are happening in discrete 
moments or they are event driven. With software for 
general purpose software it is important that time for 
execution of task be as shorter as possible, but it is not 
critical for functioning of system. With NESs based 
systems time could be crucial for acceptable functioning of 
system. "In the physical world, as opposed to the cyber 
world, the passage of time is inexorable" [2]. Besides, in 
real world many phenomena are happening parallel, with 
different speed. On the other hand, software processes in 
basic have sequential character [3]. Task is up to designer 
for using sequential semantics to solve parallel problems 
from the real world. 

CPS technology is engaged in integration NESs 
system and physical processes on low-level layer. During 
designing question like software interrupts, memory 
architectures, assembly-level programming, device drivers 
are considered. They enables hard connections between 
two world and demand special access during design [2]. 
With IoT approach we are using Web technology for 
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communication. IoT is not suitable for real-time control 
and safety-critical applications, but it is simple and cheap 
for implementation. It is based on standard interfaces, 
open-source software and public communication networks. 
It is enabled for evolving development of system 
according to economical possibilities. 

Many process in production and distributing of 
water are not time critical and tolerant to time delays. 
Those processes contains potential for further spread of 
IoT technology. In this paper, we will give example of 
water drain emergency system, who has a goal to prevent 
rise of water level in water manhole, above allowed value. 
With this kind of system, we are protecting equipment of 
damage and preventing unwanted water lost in network. It 
is used two levels of protection. On first level we have 
local feedback control loop which include submersible 
pumps for extracting water from manhole. On second 
level, if water level in manhole still rise, with public 
mobile network, SMS is sending to center for monitoring 
SMS. SMS server is writing arriving SMS to data base and 
send alarm to operator on duty. With help of saved data in 
database, we could execute additional reliable fault 
diagnosis and take various preventive measures. 

2. SYSTEM DESCRIPTION
To secure sufficient water flow to all 

consumers/costumers, geographic distributive pumping 
stations are used in water network. Their assignment is to 
compensate energy losses which are show in some part of 
water pipelines. Pumps with measuring equipment and 
pumping equipment are placed into manholes which 
secure ambient conditions for their work. At a Figure 1, 
we have shown interior of manhole from water network of 
Kraljevo city. 

Figure 1: Interior of one water network manhole from city 
of Kraljevo 

Because of possibility of breaking pipes, entering 
outside atmospheric water or some other reason, there is 
possibility of rising water level above acceptable value. 
With this scenario, expensive equipment will be damaged 
(electric motors with invertors) and that will lead to 

disruption in supply of water. In example of breaking pipe 
(Ø100) water will come to critical level in few minutes. 
Unfortunately, designer overlooked this possibility, so this 
system is needed to upgrade with system for protection of 
flood. 

Water drain emergency (WDE) system which we 
are presenting in this paper uses NES with two levels of 
protection. Both levels of protection are based on Arduino 
microcontroller (Figure 2).   

Figure 2: Single-board microcontroller Arduino 

Arduino is a open program of several hardware and 
software companies surrounded around production of 
single-board microcontrollers and equipment for 
embedded system which are distributed as open source 
hardware and software (https://www.arduino.cc/). 
Products are licensed under GNU Lesser General Public 
License (LGPL) or GNU General Public License (GPL) 
which permitting the manufacture of Arduino boards and 
software distribution by anyone. Basic idea of project is 
building simple, low-cost development platform for 
embedded systems. First platform consisted of printed 
circuit board with ATmega168 microcontroller. We are 
using IDE (integrated development environment) for 
programming, based on Processing language project 
(https://processing.org/). Programs are written on one of C 
language dialects. Thanks to wealthy library of built-in 
functions, programming is simplified for users without a 
background in electronics and programming. Big 
popularity Arduino owe to different expansions boards 
(shields) which extends functionality of main board. 

3. WDE - FIRST LEVEL
On first level for protection of flood we are using 

local feedback control loop with block diagram shown on 
Figure 3. 

Figure 3: Local feedback control loop 
For measuring water level in manhole, we are using 

ultrasonic module which is directly connected with 
Arduino board digital pins. Signal time chart for 
measuring is shown on Figure 4. 
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Figure 4: Ultrasonic sensor time chart 

Arduino recipient is activated by setting on High 
digital port Trig in time span of 10μs. After that, 
transmitter sends 8 pulses to obstacle by speed of sound, 
and returns to recipient. Echo port is going to state High 
by the time needed for ultrasound to go to obstacle and 
returns to sensor. Picture of ultrasonic module and 
mentioned pins are shown on Figure 5. 

Figure 5: Ultrasonic sensor with pins 

Example of program code for reading water level is 
shown on Figure 6. 

// Sets the trigPort on HIGH state for 10 micro seconds 
digitalWrite(trigPort, HIGH); 
delayMicroseconds(10); 
digitalWrite(trigPort, LOW); 
// Reads the echoPort, returns the sound wave travel time in 
//microseconds 
T1 = pulseIn(echoPort, HIGH); 
// Calculating the distance 
WaterLevel= T1*0.034/2; 

Figure 6: Reading water level by ultrasonic sensor 

For turning on and off pumps, relay regulator is 
used with hysteresis, showed on Figure 7a. Size of 
hysteresis is adjusted by the noise gathered during 
measuring of water level.  Software realization for 
Arduino is showed on Figure 7b. 

Other than turning on drainage pump and turning 
off pump for supply when water level raise over 
acceptable value (WaterLevel>LevelHigh) microcontroller 
sends SMS text message to Monitoring Centre. Goal is to 
turn attention of operator (dispatcher) to the point where 
he see thata system is gone into emergency regime. More 
on using SMS text messages will be in next section.  

a) Characteristic

if (WaterLevel>LevelHigh){ 
digitalWrite(relayPort, HIGH); 
sms.beginSMS(remoteNumber); 
sms.print("Alarm1 - Pump On"); 
sms.endSMS(); 

} 
else if (WaterLevel<LevelLow){ 

digitalWrite(relayPort, LOW); 
} 

b) Implementation by Arduino

Figure 7: Relay with hysteresis 

Digital output of Arduino (relayPort) is connected 
to solid-state relays with normal open and normal closed 
contacts. 

For securing independent work of microcontroller 
on longer time interval, we are using watchdog timer 
(WT). If it comes to failure of some kind in executing 
software, WT resets processor so microcontroller will 
continue with work (Figure 8). 

Figure 8: Watchdog mechanism 
Essence is that processor must have periodical call 

to WT, so he will confirm work state. If after certain time 
WT don’t have confirmation, WT assumes that software in 
processor is for some reason blocked, so WT restart 
processor. System starts startup procedure form the 
beginning. WT and processor are in same chip at Arduino 
microcontroller. Thanks to built-in library function WT 
can be implemented very easily. In Figure 9, it is shown 
procedure for processing WT mechanism by Arduino. 

Inside of setup() function of main program, it is 
needed to make set up of WT. For example, it is needed to 
set time which WT counts down till reset of processor 
(Treset). By each parse through main loop, it is needed to 
answer to call of built-in function of WT – wdt_reset(). If 
time between two calls of this function is greater than 
(Treset) it is assumed that there is mistake in process, so it 
restarts processor and calls bootloader again.  

In main program we can write and procedure that 
can act upon WT interrupt. In previous example, function 
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ISR(WDT_vect) can be used for sending alarm that will 
signal the creation of reset signal. 

void setup() { 
//... 
watchdogSetup(); 

} 
void loop() { 

//... 
wdt_reset(); 
//... 

} 
ISR(WDT_vect) {  // Watchdog timer interrupt. 

// Send alarm 
} 

Figure 9: Watchdog mechanism for Arduino 

4. WDE - SECOND LEVEL
On first layer of protection, we are trying to prevent 

raising level of unwanted water with local feedback 
control loop. However, if drainage pump don’t have 
enough capacity or stops with work, amount of water will 
still raising. When water level goes over certain maximum 
permitted value, it will generate Alarm. Alarm signal on 
second level is formed by Arduino, with help of 
independent sensor of level (“red zone” alarm). Second 
level sensor is used to upgrade reliability of the system. 
Alarm is sent to center for monitoring (Figure 10). 

Figure 10: WDE Second level schematic View 

As a terminal equipment (TE) we are using 
Arduino with GSM Shield (Figure 11). Arduino with GSM 
Shield (GSMS) is communicating over serial port using 
AT commands. From angle of Arduino, GSM shield is 
acting as modem, and from monitoring center angle is 
acting as mobile phone. GSMS enables to make phone 
calls, send and receive SMS messages and connect over 
Internet (over GPRS). 

In this work, for communicating we are using SMS 
service with build-in GSM Library. Program code which 
sends SMS message about Alarms is shown on Figure 12 
(https://www.arduino.cc/).  

Figure 11: Arduino GSM Shield 

// Include the GSM library 
#include <GSM.h> 

#define PinNum="..."  // Number of SMS Server" 
#define ServerNum="..."  // Number of SMS Server" 
void setup() { 

//... 
// Start GSM shield 
 while (notConnected) { 

 if (gsmAccess.begin(PinNum) == GSM_READY) 
{ 

      notConnected = false; 
 } else { 

 //... 
 } 

 } 
} 
void loop() { 

//... 
// send the message 
if (RedSensor) { 

 sms.beginSMS(ServerNum); 
 sms.print("Alarm 2 - Red Sensor On"); 
 sms.endSMS(); 

} 
//... 

} 

Figure 12: Sending alarm SMS 

After we import GSM library we insert PIN code of 
SIM card and number of SMS server. In setup() procedure 
Arduino makes connection with modem. In main loop, we 
constantly check state of Red sensor. If water level have 
raised to maximum value, it sends SMS text message to 
SMS server. 

As before, SMS alarm could be send and by 
interrupt procedure of WT, which will be activated on the 
moment when signal comes from Red sensor. 

As we could see from Figure 10, Monitoring Centre 
gets information’s from terminal equipment located in 
different manholes. With that we can get reliable 
information of happening, because happenings from one 
manhole will reflect on other nearby. From internal 
database, by time table, SMS text sends to on call worker 
about need of his intervention on certain manhole. 

All SMS messages are kept in database. In this case 
we are getting complete picture of happening in certain 
manholes in longer time period. With help of certain 

C.58



Proceedings of VIII International Conference “Heavy Machinery-HM 2017”, Zlatibor,  28 June – 1 July 2017 

Water Drain Emergency System 

software, we could make analysis and implement certain 
preventive measures. 

In order to test system, we built experimental 
system (Figure13). Goal was to test functionality of 
system in laboratory condition before implement on real 
system. 

Figure 13: Experimental test rig 

5. CONCLUSION
Reduced price of hardware and software open’s 

door for wide application of NESs systems and certain 
Internet technologies on places where until now was 
unthinkable. Thanks to standard interfaces, it isn’t 
obligatory large knowledge on software architecture. Even 
thou those technologies are still not in everyday use for 
strong real-time control and safety critical applications, 
there is still enough place to find their own spot. Managing 
production and distributing of water can reduce water loss, 
optimize spending, and enlarge energetic efficiency, 
synchronies production with changeable demands and so 
on. We used pretty low cost equipment and public (GSM) 
service to prevent damage that can be even larger. 
Application of this technology is at a beginning. There is 
still a large number of questions that must be solve , like 
reliability of this kind of systems.  
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1. INTRODUCTION

The isolation systems used for bridges are made up 
of isolation devices to improve the structure's response to 
seismic action. Typically, these devices are located 
between the superstructure and the bridges infrastructure 
on the top of the pile / abutments, in the usual placing 
positions and the usual bearing devices. 

  Improving structure behaviour consists in 
reducing internal forces (bending moments, shearing 
forces) on the cross-section of the infrastructure elements, 
reducing the displacements at the superstructure or at the 
top of the piles or in reducing both internal forces and 
displacements. 

 This favourable behaviour of the structure is 
obtained using the following dynamic tuning methods: 
1. The increase of the fundamental period of the

structure - which results in its removal from the
motion amplification area, with large accelerations
and the shift in an area of the response spectrum
corresponding to lower acceleration values; as a
consequence, the internal equilibrium forces on the
sections of the piles and the abutments are reduced
due to the reduction of the inertial forces induced in
the structure, but also the displacements of the
structure increase;

2. Increase in damping - which results in both the
reduction of acceleration and displacements; this
translates into a reduction of both the internal forces
on the cross section of the piles / abutments and the
reduction of the structural displacements.

The two methods can be combined to achieve the 
desired effect, both in terms of internal equilibrium forces 
on infrastructure elements, as well as structure 
displacements. 

2. CONSTRUCTION AND WORKING
PRINCIPLE 

Damping and seismic isolation bearings group, in 
modular design, for bridges and viaducts carries out the 
functions of bearings used currently: 
1. Takes over superstructure reactions as a result of

external / internal actions that load the structure and
at the same time allows displacements by the
directions of the desired degrees of freedom in
accordance with the displacement requirements for
which they were designed;

2. Ensures the dissipation of part of the energy induced
in the structure by the seismic motion; This can be
done by using hysteretic isolation devices, viscous
and dry friction isolators;

3. Ensures, by way of behaviour, the return of the
structure close to the undeformed initial position in
order to ensure the transmission of the vertical
reactions from the superstructure to the infrastructure
as in the absence of seismic action;

4. Ensures that the superstructure moves in relation to
the infrastructure for the current actions in operation
without reaching their limit of deformability, or
without inducing significant internal equilibrium
forces in the pile / abutment;

5. Ensure, through the constructive elements with which
they are provided, the avoidance of the fall of the
bridge superstructure from the pile / abutment during
a seismic event

And additionally has the following features: 
1. dampens all six components of motion of the bridge

superstructure produced by seismic action (three
translations and three rotations);

2. performs optimal dampening;
3. allows the return to the position of the superstructure

after the seismic action ceases.
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Damping and seismic isolation bearings group is 
composed of: 
1. an HDRB or LRB elastomeric isolator; 
2. FPS friction isolator or spherical bearing; 
3. a system consisting of six hydraulic shock absorbers, 

arranged in a geometric configuration according to 
the kinematic diagram of the Stewart platforms; 

4. Linking elements. 
All components of the damping and seismic 

isolation bearings group are individual components in 
current manufacturing of experienced and field-proven 
companies with individually defined characteristics, 
commonly used and verified for the dynamic insulation of 
viaducts and bridges. 

The damping and seismic isolation bearings group 
can be designed in two variants, each variant representing 
a systemic product from a conceptual, constructive and 
functional point of view. The functional schemes of the 
group for the two variants are shown in Figures 1 and 2. In 
the first embodiment of the damping and seismic isolation 
bearings group, the spherical bearing / friction isolator (1) 
is assembled in parallel with the hydraulic damping system 
arranged in Stewart configuration (3), and this 
subassembly is mounted in series with the HDRB / LRB 
elastomeric isolator (2). Further, this combination of 
devices will be referred to as the "series group". 

 

 
Figure 1. Series group 

In the second embodiment, the spherical bearing / 
friction isolator (1) is assembled in series with the HDRB / 
LRB (2) elastomeric isolator, forming a subassembly 
which in turn is mounted in parallel with the hydraulic 
shock absorber system in Stewart configuration (3). This 
combination of devices will be referred to as the "parallel 
group".  

 
Figure 2. Parallel group 

 
Based on the above-described functional schemes, 

the constructive solutions in Figure 3 are shown. 
 

 
a) 

 

 
b)  

Figure 3. Constructive solutions of damping and seismic 
isolation bearings group; a) series group, b) parallel 

group 

For the damping of the six components of the 
bridge superstructure, produced by the seismic action, the 
three elements that are part of the damping and seismic 
isolation bearings group participate differently. This mode 
is illustrated in Table 1 for a "parallel" group. Analysing 
this table shows that for each component of the absolute 
motion of the bridge superstructure, the group exhibits 
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specific deformations that lead to relative motions of the 
group elements. It is found that: 
1. the elastomeric isolator has a single relative

translational movement relative to the reference
system axes corresponding to the component of the
absolute translation of the bridge superstructure;

2. the dry friction spherical bearing performs only one
relative rotation relative to the axis of the reference
system corresponding to the component of the
absolute rotation of the bridge superstructure;

3. each of the six hydraulic dampers, in the Stewart
configuration, have relative displacements for all six
components of the absolute motion.

As a result, the elastomeric isolator participates in 
the damping of translational motions, the ball bearing 
participates in the damping of rotation motions, and the 
Stewart Hydraulic dampers system participates in the 
damping of all six components of the motion. It should be 
noted that for the elastomeric isolator and spherical 
bearing, the orientation of the axes in the horizontal plane 
relative to the longitudinal axis of the bridge does not 
influence the individual damping, but for the six Stewart 
hydraulic damper system, this orientation influences its 
own elongations and consequently its own damping. 

Table 1. Analyse of a "parallel" group 

Absolute motion Deformed state of the damping and 
seismic isolation bearings group 

Relative motion of components / damping 
type 

Spherical 
bearing 

Elastomeric 
isolator 

Hydraulic 
dampers 

1 Translation Ox 

ctx =ϕ
cty =ϕ
ctz =ϕ

vard x =
ctd y =

ctd z =

vardl =6...1

--- viscoelastic 
damping 

viscous 
damping 

2 Translation Oy 

ctx =ϕ
cty =ϕ
ctz =ϕ

ctd x =
vard y =

ctd z =

vardl =6...1

--- viscoelastic 
damping 

viscous 
damping 

3 Translation Oz 

ctx =ϕ
cty =ϕ
ctz =ϕ

ctd x =
ctd y =

vard z =

vardl =6...1

--- viscoelastic 
damping 

viscous 
damping 

4 Rotation Ox 

varx =ϕ
cty =ϕ
ctz =ϕ

ctd x =
ctd y =

ctd z =

vardl =6...1

dry friction 
damping --- viscous 

damping 

5 Rotation Oy 

ctx =ϕ
vary =ϕ
ctz =ϕ

ctd x =
ctd y =

ctd z =

vardl =6...1

dry friction 
damping --- viscous 

damping 
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The optimal damping for the damping and seismic 
isolation bearings group will be achieved by combining 
the three types of devices in its composition by combining 
the three types of damping specific to each device, as well 
as by weighting the damping of each device in the total 
damping of the group. This weighting can be done in two 
ways: by choosing the appropriate type of device within 
the category to which it belongs (e.g. HDRB or LRB, with 
or without lead core for the elastomeric isolator, FPS or 
spherical bearing for the dry friction device), and also by 
appropriately choosing the characteristic parameters that 
affect damping for each device, i.e. equivalent viscous 
damping, dynamic friction coefficient and damping 
constant c. 

 

3. CONSTRUCTIVE SOLUTION 

The group, Figure 4, is made of a superior 
connection plate (1.1) to the bridge / viaduct 
superstructure, onto which the convex spherical bearing 
(1.3) of the dry friction sliding device is mounted, which is 
in permanent mechanical contact with the concave 
spherical bearing (2.1), on which the anti-seismic 
elastomeric isolator (4) is mounted, which is mechanically 
attached to the bottom plate for connection to the on the 
top of the pile / abutments of the bridge / viaduct (3.3). In 
parallel with the elastomeric isolator (4) and the spherical 
bearing (1.3, 2.1) between the upper plate (1.1) and the 

lower plate (3.3), the hydraulic shock absorbers Ah1, Ah2, 
..... Ah6, are connected by spherical joints A3, B3, C3, 
D3, E3, F3 at the lower plate and spherical joints A1, B1, 
C1, D1, E1, F1 at the upper plate. The six hydraulic 

shock absorbers Ah1, Ah2, ..... Ah6 are mounted in the 
configuration of the Stewart platform. 

Any relative displacement between the two 
plates(1.1, 3.3) produced by the seismic motion considered 
by its components in relation to a Cartesian reference 
system has the following effects: the relative translational 
components of the relative motion cause elastic 
displacement in the elastomeric isolator (4), between the 
surfaces (2.3, 3.1), predominantly in the horizontal plane 
and insignificant by the vertical axis, the rotation 
components of the relative motion between the plates 
produce rotation in the spherical bearing (1.3, 2.1) and at 
the same time all six components of the relative motion 
between the plates cause relative axial displacements in 
the six hydraulic dampers Ah1, Ah2, ..... Ah6. 

The elastic bearing and lateral elastic displacement 
functions are provided by the elastomeric isolator (4), the 
progressive lateral displacement and the dry friction 
dissipation functions are performed by the convex 
spherical bearing  (1.3) and the concave spherical half-
shell (2.1). Viscous fluid dissipation is provided by the 
hydraulic shock absorbers Ah1, Ah2, ..... Ah6. 

 

 
Figure 4. First embodiment of the damping and seismic isolation bearings group 

6 Rotation Oz 

 

ctx =ϕ  

cty =ϕ  

varz =ϕ  

ctd x =  

ctd y =  

ctd z =  

vardl =6...1  

dry friction 
damping --- viscous 

damping 
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A further embodiment is shown in Figure 5. In this 

embodiment, the spherical joints of the hydraulic shock 
absorbers are equidistantly arranged which results in a 
tilting of the hydraulic shock absorbers only in the axial 
plane which simplifies the constructive solution by the fact 
that the angular displacement in the damper joints is less 

for the same relative displacement of the upper plate 
relative to the lower plate. Also in Figure 5 it is observed 
that the spherical bearing used in the bridges is replaced by 
two concentric spherical joints, one axial and the other 
radial which is specific to vehicles. 

 

 

 
 

Figure 5. Second embodiment of the damping and seismic isolation bearings group 
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This paper presents the dynamic analysis of  a  rotating cantilever beam with a tip mass by using the rigid segment 
method. The elastic beam is discretized into the number of rigid segments which are interconnected by elastic joint 
elements with three degrees of freedom. The dynamic analysis is performed by  using  absolute coordinates in the frame of  
Euler-Bernoulli beam theory. The critical angular velocity at which instability of the proposed solution occurs is 
determined.  
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1. INTRODUCTION 
Until now, the dynamic behavior of the flexible 

rotating beams has been investigated by many researches. 
The motive for this research lie in the fact that many 
engineering objects should be modelled as a rotating 
cantilever beam. Some of them are light robot arms, 
helicopter rotor blades, turbine blades, satellite linkages, 
etc. Modern industry has a need for machines of high-
speed, increased accuracy and with the lowest possible 
weight. So, the rotational elements are lightweight and 
highly flexible. To ensure the accuracy of the motion of 
such elements, it is necessary to have an efficient control 
algorithm. Therefore, it is important to form a model of the 
flexible rotating beam that is simple and sufficiently 
accurate. The literature that deals with this problem is 
plenty (e.g. see [1-5]). 

In this paper the rigid segment method will be used 
for the dynamic analysis of the flexible rotating cantilever 
beam with a tip mass. The basics about using this method 
in the free vibration analysis of the beams with variable 
axial parameters are described in [6] and [7] in detail. 
Here, this method will be adopted for the using in the 
analysis of the rotating flexible cantilever beam. 

2. THE RIGID SEGMENT MODEL 
Consider a hub beam system, shown in Fig 1. The 

hub is rigid and has the radius OA r= . The flexible beam 
of a length L is rigidly connected to the hub at the point A. 
The beam material has the Young’s modulus E and the 
mass density ρ. Also, the beam cross section area is A, and 
the beam cross section moment of inertia is Iz. A tip mass 
mT is fixed at the free end B of the beam. Let's introduce 
the two coordinate systems that are necessary for the 
rotation analysis of the system considered. The first one is 
the inertial fixed coordinate system Oxyz, and the second 
one is the reference frame Oξηζ whose axis ξ coincides 
with the direction of the undeformed beam. The angle θ 
defines the rotation of the reference coordinate system 
Oξηζ relative to the inertial coordinate system Oxyz. 

 

 
Figure 1: The rotating cantilever beam with a tip mass 

 
Based on [5,6] the beam discretization is performed 

through two steps. At the first step, the beam is divided 
into n  elastic segments which has the length L/n (see Fig 
2(a)). After that, at the second step, all of the introduced 
elastic segments are replaced with two rigid segments of 
the length L/(2n) which are mutually connected by the 
elastic joint elements JEi (i=1,…,n) (see Fig 2(c)). The 
joint element JEi allows three degrees of freedom, that are  
two relative translations in the axial and transverse 
direction, pi and qi, respectively, and one relative rotation 
ri around the axis that is perpendicular to the motion plane. 
As mentioned above, the joint element JEi is elastic, so the 
cylindrical and spiral springs are placed in the direction of 
the axial and rotational relative displacements, 
respectively (see Fig 2(d)). Based on [6], the stiffnesses of 
the introduced springs are: 

3
3 312

i i i
z z

p q r
EI EIAEc n , c n , c n .

L L L
= = =          (1)                                                     

Finally, the rigid segment model of the rotating 
flexible cantilever beam with the tip mass is formed as a 
system of n+1 rigid segments which are mutually 
connected by n elastic joint elements JEi  (see Fig 2(b)). 

For the purpose of further analysis, let’s define the 
physical parameters of the introduced rigid segments. The 
length, mass and rotational inertia of the rigid segments 
should be defined as: 
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is the distance of the mass center from the left side of the  
rigid segment (Vi).  
 

 
Figure 2: Discretization of the elastic beam into  rigid 

segments and elastic joint elements 

 

3. DIFFERENTIAL EQUATIONS OF MOTION 
During the rotation, the flexible beam deforms. 

Therefore, the position of the rigid segment (Vi) relative to 
the coordinate system Oξηζ should be defined with axial 
and transversal coordinates of the rigid segment mass 
center, ξi  and ηi, respectively, and with rotation angle ϕi 
of the rigid segment relative to the undeformed state of the 
beam.  

The axial coordinate ξi  can be defined as: 
( )0i i i ,ξ ξ ξ= +                                                                (6) 

where 

( )
0 0

1

0

0
0

0
ii

k i i
k

O C , i ,

l O C , i ,
ξ −

=

 =


= 
+ >


∑

                                    (7) 

is the value of the axial coordinate in the undeformed state 
of the beam, and iξ  represents the value of the axial 
deformation relative to the undeformed state of the beam. 
In the undeformed state, the values of the transversal 
coordinate ηi and rotation angle ϕi has zero values (see Fig 
3).  

 
Figure 3: The motion of the rigid segment (Vi) during 

rotation 

The kinetic energy of the rigid segment model 
reads: 

( )2 2

0

1
2 i

n
i i C i

i
T m v J ,ζ ω

=
= +∑                                         (8) 

where iv  and iω  are the velocity of the mass center and 
the angular velocity of the rigid segment (Vi), respectively. 
By using the above defined coordinates, the velocity iv  
reads: 

2 2 2
i i iv x y ,= +                                                                (9) 

where xi  and yi are the coordinates of the mass center of 
the rigid segments (Vi) relative to the inertial coordinate 
system Oxyz are given as: 

i i ix cos sin ,ξ θ η θ= −                                                 (10) 

i i iy sin cos .ξ θ η θ= +                                                 (11) 
Taking into account the expression (6), the time 
derivatives of the previously defined coordinates read: 

( )( )0i i i i i ix cos sin sin cos ,ξ θ ξ ξ θ θ η θ η θ θ= − + − −

   



                                                (12) 

( )( )0i i i i i iy sin cos cos sin .ξ θ ξ ξ θ θ η θ η θ θ= + + + −

   



                                                (13) 
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Now, by using the expressions (6), (9), (12),  and (13), the  
velocity of the rigid segment (Vi) mass center takes the 
following form: 

( )( )( )
( )( )

2 2 2

2 2 2

2 0

0

i i i i i i i i

i i i

v

,

ξ η ξ ξ η η ξ θ

ξ ξ η θ

= + + + −

 + + + 
 

 

   

 

 

          (14)                                               

The angular velocity of the rigid segment (Vi) is given as: 

i i .ω θ ϕ= +                                                                    (15)                                                
By inserting the expressions (14) and (15) into the 

expression (8), the kinetic energy of the rigid segment 
model becomes: 
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=
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 + + + + +      

∑  

   

 

  



                                                  
                                                                                        (16) 

The potential energy of the rigid segment model 
reads: 

( )2 2 2

1

1
2 i i i

n
p i q i r i

i
c p c q c r ,

=
Π = + +∑                           (17) 

where pi, qi, and ri represent the relative displacements in 
the elastic joint element JEi (see Fig 2(d)).  
By using the small deformation assumption, the relative 
displacements pi, qi, and ri  should be obtained by using the 
rigid segments coordinates in the reference coordinate 
system Oξηζ as: 

1i i ip ,ξ ξ−= − +                                                              (18) 

1
1 12 2

i i
i i i i i

l lq ,η η ϕ ϕ−
− −= − + − −                               (19) 

1i i ir .ϕ ϕ−= − +                                                             (20) 
Inserting the expressions (18)-(20) into the expression 
(17), the potential energy of the rigid segment model takes 
the following form: 

( )21
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1
2 i
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p i i

i
c ξ ξ−

=

Π = − +
∑

                                                             

( )
2

21
1 1 12 2i i

i i
q i i i i r i i

l lc c .η η ϕ ϕ ϕ ϕ−
− − −

  + − + − − + − +    
                                                                                        (21) 
Now, the differential equations of motion of the 
considered rigid segment model may be obtained by using 
the Lagrange equations of the second kind [8]: 

,
ii ii

d T T Q
dt ξξ ξξ

∂ ∂ ∂Π
− = − +
∂ ∂∂



  



                                       (22)   

,
i

i i i

d T T Q
dt ηη η η

∂ ∂ ∂Π
− = − +

∂ ∂ ∂

                                     (23)                                                              

,
i

i i i

d T T Q
dt ϕϕ ϕ ϕ

∂ ∂ ∂Π
− = − +

∂ ∂ ∂

                                     (24)     

where i=1,…,n ,and 0
i ii

Q Q Qη ϕξ = = =


.                                                                                                                         

By using the expressions for the kinetic and potential 
energies, (16) and (17), the differential equations of 
motion (22)-(24) become: 

( )1
2
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                       ( )1
2

1 0 ,
ip i i i i ic m mξ ξ θ η θ
+ +− = +          (25) 

1
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+ +
+

+ +− + = − +         (26)                   

1
1 12 4i i i i
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 + + − + 
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1 1 1
1

1 1 ,
2 4i i i i
i i i

q i q r i C
l l lc c c J ζη ϕ θ
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+

+ +
 − + − = − 
 

  (27) 

where i=1,…,n, 0 1 0,nξ ξ += =   0 1 0,nη η += =  and 

0 1 0.nϕ ϕ += =  
After summing, the above defined differential equations of 
motion (25)-(27) should be written in a matrix form as: 

( )2 22 ,v m mv v mθ ξθ θ θ θ+ − − = +M v K M v M v M M   

 

 (28) 
where 
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            (29) 
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1
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i n

T n
v v v v Rθ θ θ θ
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( )( ), 0 , ,
i i

T
v i i i i i Cm m Jθ ζη ξ ξ = − + − M              

      (42) 

1
3 1, , , , ,

i n

T n
m m m m Rξ ξ ξ ξ

× = ∈ M M M M       (43) 

( )0 ,0,0 .
i

T
m i imξ ξ=   M  (44)    

4. NUMERICAL SIMULATIONS AND RESULTS

The physical parameters of the beam which will be
used here are follows: 

- Length L=8 [m],
- Mass density ρ =2.7667⋅103 [kg/m3],
- Cross-section area A=7.2968⋅10-5 [m2],
- Young’s modulus E=6.8952⋅1010 [N/m2],
- Cross-section moment of inertia Iz =8.2189⋅10-10[m4],
- Hub moment of inertia Jh =200 [kg⋅m2],
- Hub radius r =0.5 [m],
- Tip mass mT =(0.1-0.5) [kg]. 

It is also assumed that the angular velocity of the 
considered hub beam system is defined as a time function 
of the form: 

2sin , 0 ,
2

, ,

f f
f

f f

f f

w w
t t t t

t t

w t t

π
πθ

  
 − ≤ ≤   =   
 >

   (45) 

where wf represents the stationary angular velocity of the 
hub beam system that will be achieved after time period tf. 

The Runge-Kutta method of the fourth order is 
used for the numerical integration of the differential 
equations of motion (28). Also, the elastic beam is 
discretized into 20 elastic segments, that is n=20. 

Figure 4 shows the response of the beam tip along 
the transverse and the axial direction during the rotation. It 
is assumed that there is no tip mass, eg mT =0, tf =15 [s], 
and that the steady state angular velocity wf  has the values 
1, 2 and 4 [rad/s]. In the case wf  =2 [rad/s] our results for 
the transversal displacements shown in Fig 4(a) are the 
same as those ones from [4] obtained by the using zero 
order model (linear model). 

Is is obvious that by increasing wf from 1 [rad/s] 
to 2[rad/s], the maximum deflection in the both transverse 
and axial beam direction increases, too. For the wf =4 
[rad/s], the results obtained by using the presented 
approach are divergent. The identically divergent result is 
obtained in [4] when the zero order model was used.  

Figure 4: The beam tip response under the rotation: 

(a) transversal direction, (b) axial direction.
The reason for the divergence of the results can be

found by analyzing the differential equations of motion 
(28). Namely, the generalized stiffness matrix is defined 

by the matrix 2
mθ−K M . As the angular velocity of the
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hub-beam system θ  increases, the same elements of the 
generalized stiffness matrix decrease. When the angular 
velocity θ  reached some critical value, the generalized 
stiffness matrix is singular, and the solutions become 
divergent.   So, the critical value of the angular velocity at 
which the presented rigid segment method failed to 
describe the dynamics of the rotating cantilever beam 
should be obtained by solving the following equation: 

2 0.cr mθ− =K M                                                          (33) 

As the matrix mM  depends on the masses of  rigid 
segments (see (37) and (38)), the value of the critical 
angular velocity crθ  decreases with the increasing of the 
tip mass mT. The above statement is proved in Table 1. In 
the case when mT=0, the critical angular velocity is 

2.91[rad/ s]crθ = . But, for mT=1 [kg], the value of the 
critical angular velocity significantly decreases to 

1.55[rad/ s]crθ = . Better insight into this dependance 
should be obtained by analyzing Figure 5. 
 

Table 1: The values of the critical angular velocity 
corresponding to the different tip mass values 

 
mT [kg] 0 0.1 0.3 0.5 0.7 0.9 1 

crθ [rad/s] 2.91 2.61 2.20 1.94 1.75 1.61 1.55 

 

 
    Figure 5: The impact of the tip mass to the critical 

angular velocity 

Now, by analyzing the Table 1, we can determine the 
critical angular velocity at which divergence of the results 
occurs. Figure 6 shows the response of the beam tip in the 
transverse and axial direction during the rotation for   
mT =0.1 [kg] and tf =30 [s]. The value of the critical 
angular velocity for the given parameters is 

2.61[rad/ s]crθ = . When the steady state angular velocity 
is less than critical value wf =2 [rad/s], the obtained results 
are correct. However, when the steady state angular 
velocity exceeds the critical value, eg when wf =2.7 [rad/s], 
the obtained results become divergent. The situation is 
similar when the tip mass increases to mT =0.5 [kg]. In this 
case, the critical angular velocity decreases to 

1.94[rad/ s]crθ =  (see Table 1). 

 
Figure 6: The beam tip response under the rotation at 

mT=0.1 [kg] 

 
Figure 7: The beam tip response under the rotation at 

mT=0.5 [kg] 
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When the steady state angular velocity is less than critical, 
wf =1.8 [rad/s], the obtained results are correct. As in the 
previous case, when the steady state angular velocity 
exceeds the critical value, wf =2 [rad/s], the results become 
divergent. 

It is important to note that in both described cases 
(for mT =0.1 [kg] and for mT =0.5 [kg] ) the obtained 
results for the transversal displacement (t)η  agrees very 
well with the results given in [1] obtained by using the 
traditional linear approximated model (TLAM). The 
values of the axial tip displacement (t)ξ  are not presented 
in [1].  

5. CONCLUSION 
In this paper the dynamic analysis of the flexible 

rotating cantilever beam by using the rigid segment 
method has been performed. The rigid segment model 
considers the bending as well as the axial deformation of 
the beam during rotation. The obtained differential 
equations of motion in a matrix form (28) allow the 
efficient dynamic analysis of the considered rotating beam. 
Because the small deformation assumption has been used 
the considered method is linear. 

As observed in [5], the use of the linear model 
leads to the conditionally stable results. Namely, if the 
angular velocity of the hub reaches the critical value of the 
angular velocity, the generalized stiffness matrix becomes 
singular and the results are divergent. So, before the 
proposed rigid segment method being used, it is necessary 
to determine the value of the critical angular velocity by 
using the expression (33). The precision of the presented 
method is demonstrated by numerical examples in which 
the good agreement with the results from [1] and [4] has 
been achieved. 

In the further research, the presented method can 
be improved by taking into account the large deformation 
of the considered beam during the rotation. As a result of 
this assumption, the generalized stiffness matrix would be 
non-linear. It is expected that by using the above 
assumption the critical angular velocity of the rotating 
beam will be increased.  
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Experimental Investigation of Tribological Behavior of Journal Bearing 
Coated by Babbitt Alloys Tegotenax V840 
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The present paper investigates the effect of sliding speed and normal load on temperature, coefficient of friction, 
roughness and wear property of tin base alloys- TEGOTENAX V840 coating experimentally. Special test rig was designed 
and fabricated. Experiments were performed under normal load 3000-4000 N, speed 2000 -3000 rpm and lubricant 
condition. Results show that the friction coefficient of sliding bearing slightly increase with the increase of sliding speed 
and significantly decrease in convergent with increase normal load, while the lubrication temperature of the bearing grows 
until reach a steady state operation vs sliding time. It is also found that the roughness in special positions change with 
sliding distance. It is also found that the wear rates increase with the increase of sliding speed and normal load. 

Key word: Friction Coefficient, Normal Load, Sliding Speed, Wear, Sliding distance, Roughness 

1. INTRODUCTION 
Study of mechanics of friction and the relationship 

between friction and wear dates back to the sixteenth 
century, almost instantly after the devise of Newton’s law 
of motion. It was observed by several authors [1], [2], that 
the variation of friction and wear rate depends on 
interfacial conditions such as normal load, geometry, 
relative surface motion, sliding speed, surface roughness 
of the rubbing surfaces, type of material, system rigidity, 
temperature, stick slip, relative humidity, lubrication and 
vibration. through these factors sliding speed and normal 
load are the two main factors whose play significant role 
for the variation of friction and wear rate. 

Changes in the sliding velocity result in a change in 
the shear rate which can influence the mechanical 
properties of the mating materials. The strength of many 
metals and nonmetals is greater at higher shear strain rates 
as stated by Bhushan and Jahsman [3, 4] which results in a 
lower real area of contact and a lower coefficient of 
friction in a dry contact. 

Bearings are machine elements which are used to 
support a rotating part, namely a shaft. They transmit the 
load from the rotating part to a stationary part known as 
frame or housing. They permit relative motion of the two 
parts in one or two directions with minimum friction, and 
also prevent the motion in the direction of the applied load 
The bearings are classified broadly into two categories 
based on the type of contact they have between the 
rotating and the stationary part: 

a. Sliding contact    
b. Rolling contact  

Sliding contact bearings are classified in three ways 
[5]: 

a) Based on type of load carried  
b) Based on type of lubrication  
c) Based on lubrication mechanism 
High viscosity index lubricants were investigated in 

a low speed journal bearing by Kasai et al. [6] finding that 
high viscosity index VI lubricants lead to reduced bearing 
friction in some cases and higher maximum oil film 
pressure when compared to a polyalphaolefin base oil. 

The test equipment was then modified by D W 
Childs et al. [7] to include dynamic testing capabilities 
using an arrangement of springs and hydraulic shakers, 
with a detailed analysis of the experimental uncertainties 
and parameter determination methods. In N M Franchek et 
al. [8] the rig was used to compare the performance of 
several different hybrid bearing geometries. This study 
found that while each of the four geometries tested had 
specific advantages, the use of an inlet angled against the 
flow of rotation provided the most beneficial 
characteristics. A new developed bearing test rig [9] for 
measurement of hydrodynamic pressure and friction 
moment of plain journal bearing was presented by 
Mazdrakova et al. The stand is designed and constructed 
with exchangeable bearing bushes which are coated on the 
inner side with different finishes with a uniform thickness 
and various elastic characteristics. Static measurement 
capabilities include operating eccentricity and continuous 
circumferential pressure at multiple planes in axial 
direction. 

The tribological behaviors of Babbitt alloy16-16-2 
sliding against aluminum bronze ZnCuAl9Mn2 lubricated 
by sea water were systematically investigated by Hairong 
Wu et al. [10]; the results indicated that the friction 
coefficient decreased as the load increased to 30N and 
then remained at a steady level at high loads, but 
decreased with increase in sliding speed. A. Zeren, E et al. 
[11] studied the tribological behavior of two different tin-
based bearing materials in dry sliding conditions, one of 
these alloys with low Sb content (7%) is known as SAE 12 
and is widely used in the automotive industry and the other 
with high Sb content (20%) is a Sn–Sb–Cu alloy. Search 
results have proved that WM-2 and WM-5 alloys can be 
used in dry sliding conditions, it is shown that 
performance of WM-5 under heavy service conditions is 
better than WM-2 due to its alloying elements. 

In this paper, the journal bearings test rig [12] was 
modified specifically for this research to use in 
determining tribological properties of the bearings, and 
experimental research to study performance of the radial 
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sliding bearing were coated with tin alloys- TEGOTENAX 
V840. 

2. THEORETICAL ESTABLISHMENT OF THE WEAR 
AND FRICTIONAL HYDRODYNAMICALLY 

Wear is related to interactions between surfaces and 
specifically the removal and deformation of material on a 
surface as a result of mechanical action of the opposite 
surface [13]. Wear can appear in many ways, depending 
on the material of the interacting contact surfaces, the 
operating environment, and the running conditions. The 
most common wear model is named Archard’s Wear Law 
[14], although Holm [15] formulated the same model 
much earlier than Archard: 

 s
H
FKV N ⋅⋅= , (1) 

where V is the wear volume, K is the dimensionless wear 
coefficient FN, is the normal load, H is the hardness of the 
softer contact surface and s is the sliding distance. 
However, studies have found that wear coefficient is more 
suitable. The reason being that it takes the wear rate, the 
applied load, and the hardness of the wear material into 
account. Therefore, the wear coefficient K in the abrasive 
model is defined as: 

 
sF

VHK
N ⋅
⋅

=  (2) 

As V can be estimated from weight loss W and the 
density ρ, the wear coefficient can also be expressed as:

 
ρ⋅⋅

⋅
=

sF
WHK

N
  (3) 

As shown in Figure 1 the coefficient of friction 
generated between journal bearing and lubricant can be 
determined by following equation.: 

 
Fc

Br ωηπµ ⋅
⋅

⋅
⋅⋅=

2
2 , (4) 

where µ is coefficient of friction [-], r is radius 
bearing[m], h=c is thickness of clearance [µm], η is 
dynamic viscosity [Ns/m2], ω is angular speed [1/sec], F is 
normal load [N] [13]. 

 
Figure 1: Loaded plain journal bearing 

3. PREPARATION OF EXPERIMENTAL MATERIALS 
AND CONDITIONS 

In this study, radial plain bearing specimens made 
of tin-based alloy -TEGOTENAX V840, these alloys are 
produced by casting and spray deposition method [16], 
were used as journal bearing and AISI 440C stainless steel 
was used as shaft. The chemical compositions of the 
journal and bearing materials used in the experiments were 
given in Table 1. 

Dimensions of bearing specimens were as follows: 
inner diameter is 40+0.05 mm, width 40 mm, outer diameter 
60 mm, the relative bearing clearance 0.025 mm, the 
thickness of the white metal material 3 mm. The 
mechanical and physical proprieties of bearing are given in 
(Table 2).  

The bearing was drilled with hole (dimension r 
=1.5 mm) in radial direction to ease lubrication oil flow 
into the contact zone. Circumferential groove was also 
made onto the outer surface of bush (width 2 mm, depth 
0.5 mm) to include that lubrication oil arrives into the 
radial hole. as well, the spiral groove is made onto inner 
surface of sample (width 2 mm, average depth of 30 µm) 
to improve the lubrication process between the shaft and 
the bush as shown in Figure 2. The surface profiles of the 
plain journal bearing were determined prior the tests by 
using the Surface Roughness Tester “Surftest SJ–301”.  

 
Figure 2: Tested plain journal bearing 

Convection oven at 60 ᵒC for a period of half an 
hour to remove humidity, as the weight of the samples was 
measured using a digital balance and recording the values 
before and after the test for each test. 

The specimens were robbed by radial journal 
bearing wear test rig under lubricated condition. The 
tribological parameter were measured under lubricated 
conditions of (3000, 3500 and 4000) N average loads, 
(2000, 2500 and 3000) rpm sliding speed equals to 4.2, 
5.25 and 6.3 m/s and every 1 h for change coefficient 
friction, 5 h for wear losses each specimen. The 
lubrication was achieved by using ISO VG32 oil. Before 
and after testing, the specimens were cleaned by cleaner 
FLUXO S190 and dried using cotton and convection oven 
at 60 ᵒC for a period of half an hour to remove humidity, 
as the weight of the samples was measured using a digital 
balance and recording the values before and after the test 
for each test. 

D.14



Proceedings of IX International Conference “Heavy Machinery-HM 2017”, Zlatibor, 28 June – 1 July 2017 

Experimental Investigation of Tribological Behavior of Journal Bearing Coated by Babbitt Alloys Tegotenax (V840) 

Table 1: Chemical composition of AISI440C wt- (%). and bearings materials wt- (%) 
TEGOTENAX (V480) (big sticks), in TKL NOVA TVORNICA KLIZNIH 

LEZAJEVA (SLIDING BEARING MANUFACTURING), CROATIA 
WM  Sn Sb Cu As Bi Ni Pb Cd Fe Al Zn 

Actual Value 
% 88.7 7.6 3.7 0.009 0.002 0.003 0.008 0.010 0.009 0.000 0.002 

The alloy is free of lead and free of cadmium in compliance with RoHS Regulation (EU-
Directive 2002/95/EC) 

AISI 440C C Si Mn Ni Cr Mo P S - - - 
 1.2 1 1 1 18 0.75 0.04 0.03 - - - 

Mechanical Property Requirements For Material in the Annealed Condition to 1) 
AS2837 - 1986 440C and 2) ASTM A276-98b 440C 

 
Table 2: Mechanical and physical proprieties of bearing 

White metal alloy TEGOTENAX 

Hardness HB 10/250/180 (DIN 
ISO 4384 part 2) 

20 [°C] 23 
50 [°C] 17 
100 [°C] 10 
150 [°C] 8 

Young´s modulus E 56500 [N/mm2] 
Density ρ 7400 [kg/m³] 
Lower melting point Tlm 233 [°C] 
Poisson ratio ν 0.33 
Upper melting point Thm 360 [°C] 
Casting temperature Tc 440 [°C] 

 

4. RADIAL JOURNAL BEARING TEST RIG 
Bearings materials in journal bearings are generally 

selected from materials, which have lower wear strength 
than the shaft material, that way dropping the wearing of 
the shaft safely. Therefore, journal bearing wear test 
apparatus are designed to examine the wearing of bearing 
materials. Therefore, it is possible to investigate different 
bearing and shaft materials and the effects of heat 
treatments on these materials. This test rig is divided into 
three main systems: Hydraulic Loading System, Rotation 
System, Lubrication system of the bush as shown in Figure 
3. 

 
Figure 3: Illustration of journal bearing test rig 

4.1. Drive System 
The drive system drove the shaft. The driving 

system test rig consists of an asynchronous induction 
motor (AIM) (ABB, 400 V, 50 Hz, 3 KW, 1460 rpm), 
which is attached by a flexible coupling to a shaft. The 
shaft is supported by two roller bearings and the test 
bearing is mounted between these two bearings 
(supporting the drive shaft). The motor was equipped for 

the rotational speed measurement by incremental encoder. 
E720 - Wireless / Point laser was used to align shaft with 
the motor as shown in Figure 4. 

 
Figure 4: The reset shafts motor and housing bearing 

4.2. Hydraulic Loading System 
The loading system generated the load on the 

bearing. Bearing loading system consists of electrical 
motor-pump assembly (HLS) (CEM motor - 0.75 KW, 380 
V, 1420 rpm, 50Hz; EATON pump PVQ10) which is 
mounted on the 30 l tank and connected with high-
pressure hydraulic flexible tubes which feed ISO VG 32 
oil into the hydraulic cylinder through two holes (H and L) 
as shown in Figure 5. The hole H is inlet of high-pressure 
hydraulic feed from hydraulic pump and L is outlet hole of 
oil return to the tank. The hydraulic cylinder is in contact 
with radial force transducer (HBM U9C/10kN) which is 
located below it. The force transducer is threaded up the 
radial load supply that apply radial force directly into the 
bush. 
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Figure 5: Schematic of the tool developed for testing of plain journal bearings of configurations 

4.3. Lubrication system of the bush  
The lubrication system supplied the lubricating oil 

for the bearing. Lubrication system contains of electric 
motor-pump assembly (ELP) (motor: 1450 rpm, 90 W, 
220 V, 50 Hz; pump AMGP-03C) which was mounted on 
the 10 l hydraulic tank. The lubricant is supplied by the 
ELP to the bearing housing through two flexible tubes 
which are threaded up the housing through an assembly 
steel tube contacted into locations e, f, and g, as shown in 
Figure 5. The hole e is an inlet oil feed to housing, while 
holes f, g are an outlet oil feed into the lubrication oil tank. 
The lubrication system supplied oil pressure was 
monitored by pressure gauge mounted on the inlet oil 
supply. The same type of oil, ISO VG32, was used for 
bush lubrication. 

4.4. Bearing Unit 
Figure 5 shows that the sleeve of the shaft (4) is 

mounted on the plain bearing (2) which is radially and 
axially fixed by upper (5) and lower (1) parts of the 
support. Through the opening of the upper support (5) a 
force is induced by the hydraulic cylinder and transmitted 
to the bearing trough radial load supply (10). The 
magnitude of the force measured by the force sensor (11). 
The circumferential force, which represents the frictional 
force of the bearing, is measured by means of a lever (12), 
which is arranged perpendicularly to the axis of the 
bearing, and a force transducer Figure 5. The temperature 
of the bearing is measured by thermocouple (17). The 
sleeved thermocouples are placed inside fully drilled 
holes. The active part of the thermocouple is in contact 
(region c) with the outer surface of the bush. It was 
assumed that, under typical operating conditions, the point 
of maximum bearing temperature was close to the 
temperature measurement points. 

Upper and lower supports are made of steel; there 
are also seals (3,8) to prevent oil leakage during the 
system operation. Upper and lower support were 
assembled and mounted by standard nuts and screws (7, 9, 
16). 

5. TEST RIG EXPERIMENTS 

5.1. Determine of The Operating Procedure Test Rig 
The tests were carried out for 5 hours' duration; the 

operating sequence was ELP, AIM than HLS, respectively. 
Pressure of the lubrication oil sent to the test bearing was 4 
bar. Test was conducted out to determine time to fill 

housing of bearing with oil by removing the upper support 
seal and switch on the lubricating pump. The time it takes 
to flooding housing is 15 seconds. The objective of this 
procedure, to ensure the flooding bushing during the test. 
The values were always kept under control throughout the 
tests. Each test was repeated less than three times to ensure 
the accuracy of results, the experiments were conducted at 
laboratory temperature i.e. 22 °C. 

5.2. Determine of The Friction Coefficient of The Sliding 
Bearing 

In the Figure.6 shown measurement procedure used 
in this research to determine coefficient of friction of the 
sliding bearing. The measurement method friction 
coefficient is based on the principle of torque balance 
resulting from the friction force and torque produced by 
the force of the sensor reaction. 

 
Figure 6: Scheme of the frictional force measurement 

Coulomb equations associate load and friction 
coefficient as a function of time in the touch of two real 
bodies: 
 )()()( tFttF Nf ⋅= µ  (5) 

Moment of friction as a function of time was 
calculated as the product of the normal force of the sleeve 
(using reaction force transducer) and the distance on lever 
between the center of the bush and contact point of the 
force transducer 
 rtFltFtM fabsf ⋅=⋅= )()()(  (6) 

From (5), (6) 
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6. RESULTS AND DISCUSSIONS 

6.1. Frictional Behaviour 
The variation in the coefficient of friction of 

Babbitt base alloys - TEGOTENAX V840 coatings for 
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radial sliding bearing is plotted in Figure 7 and 8, as a 
function of the bearing radial load in the range (3000, 
3500 and 4000) N and sliding speed (2000, 2500 and 
3000) rpm, respectively, for one hour sliding time. 

The experimental test of the sliding bearing made 
of Babbitt metal has been observed that the coefficient of 
friction decreases when increasing the radial load of 
journal bearing for all average impact radial load and each 
sliding speed, the highest friction coefficients 0.04 
occurred in average radial load 3000 N and 3000 rpm 
sliding speed, whereas the lowest friction coefficients 
0.023 occurred in highest average radial load i.e. 4000 N 
and rotate shaft speed 2000 rpm. Change coefficient of 
friction values take the form of converging curves toward 
increasing the radial load at increasing rotate shaft speeds 
2000, 2500 and 3000 rpm as shown in Figure 8. 

 

 
Figure 7: The figure shows the change in the coefficient of 

friction with the change in radial load 
Figure explain in detail the relationship between 

friction coefficient and rotation speeds of shaft, friction 
coefficient increases with the increase of rotating shaft 
speed 2000 to 3000 rpm for average radial load 3000 and 
3500 N, whereas remaining almost constant at radial load 
4000 N. The friction between rotate shaft, bush and 
lubricant causes temperature growth of lubricant which 
results decrease in the shear stress of lubricant that lead to 
lowing viscosity of lubricant thus decrease coefficient of 
friction as shown in eq. 4 

During this study, the oil film temperature, which 
was evaluated to be equal to the operating temperature, i.e. 
the temperature of the bearing under proven operating 
conditions. The temperature of the bearing was measured 
by using thermocouple placed on the bushing (see Figure. 
6), The average maximum measured temperature in the 
bearing was used as the oil film temperature. At typical 
bearing loads, sliding speeds and direction of rotation 
(Counterclockwise), the maximum temperatures were 
measured at the temperature measurement point C (see 
Figure 6). It can be estimated that the error in the oil film 
temperature was about ±0.5 °C. 

 

 
Figure 8: the change in the coefficient of friction with the 

change in sliding speed 
Figure 10 shows the curves for 2000 N average 

load , 3000 rpm rotation speed and 18000 s sliding time as 
representing the effect of the lubrication temperature 
change on the coefficient of friction on the surfaces of the 
plain journal bearing. It can clearly be seen that the 
coefficient of friction decreased with the operated time, 
while the generated heat in the bearing causes increase of 
oil temperature. As mentioned earlier, the coefficient of 
friction is directly proportional to dynamic viscosity (η), 
and the oil temperature rise leads to decrease of the 
dynamic viscosity which certainly leads up to decrease of 
the coefficient of friction. We can distinguish from the 
Figure 10 two zones,  unsteady and steady state . on 
unsteady state the temperature within the system increase 
with time,  is estimated unsteady state approximated (0-
4000)s. second zone is steady state zone in which 
temperature remains approximately constant, it's here 
about 50°C.  

 
Figure 10: Change temperature and coefficient of friction 

with time rotating plain journal bearing under average 
load 4000 N, 3000 rpm, 5 hours 

The duration of access to steady state decreases 
with increasing speed of rotation and load, this is due to 
the increase of the amount of lost power, although the 
value of the coefficient of friction is reduced.  increase in 
the friction power losses accelerates reaching steady state 
i.e., access to the thermal balance between bush, shaft and 
lubricant as shown in table 3. 
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Table 3: Effect of the sliding speed and radial load on the unsteady state process 

Rotation speed 
[rpm] 

Radial 
load 
[N] 

Average coefficient of friction 
µ 
[-] 

Loss power 
[W] 

Duration of unstable 
state 
[s] 

2000 
3000 0.029 365.4 0-4850 
3500 0.02 294 0-5470 
4000 0.012 201.6 0-6100 

2500 
3000 0.032 504 0-4700 
3500 0.0237 435.4 0-4900 
4000 0.016 336 0-5050 

3000 
3000 0.04 756 0-3850 
3500 0.034 749.7 0-3800 
4000 0.0239 602.28 0-4000 

6.2. Roughness surface behaviour 
The surface profiles of the plain journal bearing 

were determined prior the tests by using the Surface 
Roughness Tester “Surftest SJ–301”. Values of surface 
roughness before and after wearing process were shown in 
Figure 11. the profiles of plain journal bearing were 
investigated, it was found that total average roughness (Rz) 
of inner surface of four specimens tested are 2.71, 2.1, 
2.13 and 1.66 µm respectively and average roughness (Rz) 
of shaft is 1.15 µm, it means that even the presumably 
smooth plain journal bearing has some in dents and 
protrusions. 

Generally, at all the positions marked 1, 2, 3 and 4 
roughness surface journal bearing material decreases with 
increasing sliding distance, perhaps because of the 
roughness of surfaces are still in the process of stability, 

the roughened of shaft may be cause change inner surface 
roughness of bearings, surface roughness has been 
stabilized and the bearing surface has conformed to the 
shaft surface after about 30000-75000 m for all position as 
shown in Figure 11. Biggest drop in the roughness 
occurred in positions 1 than 3, while the decrease in the 
position 4, than 2 was a slight for load 4000 N, may be due 
to that position 1 in direct and continuous contact with the 
shaft rub. The continuing slide was causing increasing 
roughness for all positions, a significant degradation of the 
surface in position 1 followed by position 4, while slightly 
increase in average roughness Rz in position 2 and 3, 
which may be attributed to the direction of rotation speed 
of shaft and direction and region of impact of load, that 
drives debris toward the two positions 1 and 4. 

 

 
Figure 11: Change Roughness surface Rz with sliding distance 

6.3. Wear Behaviour 
The wear of materials has been described by weight 

loss, In Figure 12, were investigated of tin-based 

TEGOTENAX (V480) bearing material in lubricant 
sliding at different average radial load 3000, 3500 and 
4000 N and variation rotation speed of shaft 2000, 2500 
and 3000 rpm vs sliding distance. In Figure 12 shows three 
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unsteady-state zones and three steady-state zones. First 
unsteady-state zone has Sharply wear increases vs sliding 
distance for all average radial load (3000-4000) N, value 
loss material 2.3, 2.75 and 3.2 mg respectively. At the 
beginning of sliding process until access first steady-state 
wear process at 75600 m sliding distance. Long distance of 
first steady-state zone is 226800 m, average loss material 
in first steady-state wear process was 2.3, 2.8 and 3.5 mg 
under 3000-4000 N radial load respectively, and rotation 
speed 2000 rpm. The cause of rapid loss of material at the 
beginning of operation i.e. first unsteady-state may be due 
to get to the case of compatibility between shaft and bush. 
At change rotation speed from 2000 to 2500 rpm lead to a 
second unsteady-state zone wear process for 94500 m 
sliding distance, value loss material about 3.4, 4.1 and 4.7 
mg under (3000-4000) N average radial load respectively, 
followed by second steady-state wear process zone, long 
distance of second steady-state zone is 283500 m an 
average loss material in second steady-state wear process 
3.4, 3.9 and 4.6 mg under (3000-4000) N average radial 
load respectively. Finally, third unsteady-state zone under 
which changes rotation speed of shaft from 2500 to 3000 
rpm, where the amount of loss material 4.6, 5.35 and 5.8 
mg under (3000-4000) N average radial load respectively, 
long distance unsteady-state zone 113400 m sliding 
distance, followed by third steady-state wear process zone 
which long distance 340200 m, average loss material in 
third steady-state wear process 4.5, 5.1 and 5.8 mg under 
(3000-4000) average radial load respectively as shown in 
Figure 12. It is clear that lost material increases as increase 
radial forces and sliding speeds vs increase sliding 
distance but effect sliding speed of shaft biggest than 
radial load. 

 
Figure 12: Loss material with change sliding distance 

7. CONCLUSION 
Tribological properties in conditions of sliding 

distance contact can vary over many orders of magnitude. 
In this study, the tribological behaviour of tin-based 
journal bearing material was evaluated and focusing on the 
effect of sliding distance in change of roughness, loss 
material and coefficient of friction surface contact of tin-
based journal bearing. The following conclusions can be 
drawn: 

• Friction coefficient with respect to radial load is 
lowest in highest radial load for each shaft 
rotational speed, it decreases extremely when 
increasing the radial load of journal bearing. 

• Change coefficient of friction values take the form 
of converging curve toward increasing the radial 
load at increasing rotate shaft speeds. 

• Coefficient of friction increases slightly with an 
increase of shaft rotational speed for same average 
radial load. 

• The coefficient of friction at highest load and 
lowest rotation speed of shaft have been lowest 
values, Vice versa as regards lowest radial load and 
highest sliding speed coefficient of friction have 
highest values. 

• at beginning of experimental test, contact surfaces 
roughness of samples decreases and is lower on the 
impact line of the vertical load i.e. at the two 
positions 1 and then 3. 

• The continuing slide was causing increasing 
roughness for all positions, a significant 
degradation of the surface in position 1 followed by 
position 4, while slightly increase in average 
roughness Rz in position 2 and 3, 

• Results wear tests is noted three unsteady-state 
zones and three steady-state zones, according to 
change in the speed of rotating shaft. 

• The highest wear loss 5.8 mg in steady-state zones 
occurred in load 4000 N and rotation speed 3000 
rpm at sliding distance 1134000 m, under similar 
tribological conditions. 

• The highest wear loss 3.2 mg in unsteady-state 
zones occurred in load 4000 N and rotation speed 
2000 rpm at sliding distance 75600 m i.e. at the 
beginning of the test. 
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The main applications of the additive manufacturing are in rapid prototyping, for production of different types of 
prototypes and models. During the last decade, due to advances in fields of materials and technologies, the additive 
manufacturing has also become a competitive technology for production of tools. The competitive advantage of the additive 
manufacturing is the possibility to build, in a very short time, complex models with adequate precision. However, besides 
the precision and the speed of production, the parts produced by additive manufacturing need to satisfy a wide spectrum of 
requirements concerning their mechanical characteristics. One of the most demanding requests in the tooling production is 
high surface quality. During manufacturing process arise flaws within the material volume, such as porosities, inclusion, 
voids and micro-cracks. Later, during the post-processing of the manufactured tools by machining, grinding or polishing, 
these flaws are brought to the surface of the tool. In most cases, the appearance of the flaws on surface is an undesirable 
phenomenon in tooling industry, especially for the tools with high-gloss surface. The paper presents a comparison of the 
surface quality of parts produced by additive manufacturing and parts produced by a conventional technology. The surface 
quality has been estimated and by visual inspection of surfaces using the microscopy with the aim to study the surface 
porosity. 

Keywords: Additive manufacturing, surface quality, surface porosity
1. INTRODUCTION 

Unlike subtractive manufacturing methods that start 
with a solid block of material and then cut away the excess 
to create a part, additive manufacturing builds up a part (or 
features onto parts) layer by layer from geometry 
described in a 3D design model. The 3D models are, 
usually, created by Computer-Aided Design (CAD) 
software package.  After the process of the modelling, 
parts have been divided into a thin layers and prepared for 
additive manufacturing. The layer thickness depends on 
several different factors, such are a type of the technology, 
the type of the material, speed, etc.  

Additive manufacturing it covers a several different 
technologies which can be divided on the basis of the 
method of layer manufacturing [1-3]. Major processes 
include material extrusion, material jetting, binder jetting, 
sheet lamination, vat photo-polymerization, powder bed 
fusion and directed energy deposition.  

The technology of the additive manufacturing has 
been invented 1980’s. In the beginning, the additive 
manufacturing has been focused on the Rapid Prototyping 
and on the visualisation of the final products. More 
recently, additive manufacturing is used for production of 
the end-user products, parts for the automotive, aerospace, 
dental industry, for production of the medical implants as 
well and for “printing” a human tissue. Each of this 
different technologies have its own advantages and 
drawbacks, therefore, depends on the industry requests, on 
the market we may found almost all types of the additive 
manufacturing technologies. 

In the last years, beside the rapid prototyping, the 
additive manufacturing has significant role in the rapid 
production and digital fabrication.  

The additive manufacturing has a lot advantages 
compared to subtractive manufacturing methods, such are 

the speed, precision, building the parts without moulds, 
build the parts with complex geometry. Disadvantages of 
the additive manufacturing are slow building rate, high 
production costs, parts steel needs to be post-processed, 
relatively small building volume, poor mechanical 
properties.  

In this paper, the surface quality of the parts 
produced by Direct Metal Laser Sintering (DMLS) are 
presented. The surfaces of the parts produced by DMLS 
are compared with surfaces of the parts produced by 
subtractive manufacturing methods.  

2. DIRECT METAL LASER SINTERING 
Direct metal laser sintering is an additive 

manufacturing technology which belongs to powder bed 
fusion and it is occasionally referred to as selective laser 
sintering (SLS) or selective laser melting (SLM). DMLS 
allows us to build a metal parts and tools directly from 
digital – CAD models using a variety of the metal alloys 
powders. 

2.1. Building process 
The DMLS process begins with a 3D CAD model, 

which is, in the next step, is sliced in z direction on thin 
layers. Using a laser, the metal powder has been melted in 
created layers, so we can say that whole process of the 
manufacturing is performed in one plane. When the 
melting in one plane is finished, the building platform is 
moved down, the recoater applying a new layer of the 
metal powder on the building plate, see Figure 1 and the 
melting in the new plane is again performed. The laser has 
enough power to transform powder to liquid state, and it is 
allowed to liquid metal solidify before a new layer is 
recoated and melted. 

The process of metal sintering is performed in the 
highly controlled environment. The scanning speed of 
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laser beam, layer thickness, temperature, level of the 
oxygen and gas flow in the working chamber of the DLMS 
machine are highly controlled. 

In the process of the laser sintering, besides that the 
level of the oxygen is very low (from 0,5% to 1%), a metal 
oxide called residuals, has been created, as it is shown in 
the Figure 2.  A certain amount of the residuals has been 
removed by gas flow in the working chamber, see Figure 
1, while one part of the residuals remains over and around 
the sintered parts, in the powder bed. 

2.2. Porosities 
The density of the parts produced by DMLS should 

be around 99% and mechanical properties of these parts 

are very close to the pars produced by machining out of 
ingots or cast stock.  

The latest research in the field of DMLS has shown 
that produced part have a certain voids or inclusions 
through the whole volume. These irregularities in the 
material composition of the parts are also called and 
porosities. According to some researchers [4,5,6] these 
porosities are connected to the process of the sintering and 
to the part orientation during building of the parts. On the 
other side, these inclusions can be result of the not melted 
powder, gasses or residuals which are trapped inside 
melted metal [7, 10-14], shown in Figure 3.  

       

  

 
Figure 1. Schematic representation of the building volume and gas flow  

  

 
Regarding that oxygen is not completely removed 

from working chamber, there is possibility and to some 
oxide be trapped into melted metal [15]. The trapped 
inclusions in the melted metal can be connected and to 
process parameters, such are layer thickness, scanning 
strategy, laser power, working atmosphere, etc.   

 
Figure 2. Residuals in the process of the DMLS 

Those inclusions are present in all parts produced 
by DLMS, regardless of the type of metal which is used 
for parts production. Those imperfections are spread into 
whole volume of the part as well and on the part surface.  

 
Figure 3. Voids inside part pruduced by DMLS from MS1 

– marginig steel 
The parts produced by DLMS has major 

applicability in the moulding industry for production of the 
moulds and inserts. Regarding to possibility to create very 
complex shapes in relatively short time, this type of the 
production starting to be competitive in the moulding 
industry.  

In the tool production industry, especially for the 
cosmetics products, the surface quality is one of the main 
parameters which have a big influence on the final part 
quality.   
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In order to compare the quality, the surface of the 
parts produced by DMLS are compared to the surface of 
the part produced by subtractive methodology.  

3. THE SAMPLES PREPARATION 
In order to compare the surfaces of the parts 

produced by DMLS, the set of the samples has been 
produced on EOS M 280 machine, from maraging steel – 
MS1. The maraging steel - MS1 is a steel which has been 
optimized especially for processing on EOSINT M 
systems. The MS1 have a chemical composition 
corresponding to US classification 18% Ni Maraging 300, 
European 1.2709 and German X3NiCoMoTi 18-9-5 [17]. 

φ1
2

90

 
Figure 4. Test sample geometry 

The bars 90 mm length and 12 mm of diameter has 
been chosen as test samples, shown in Figure 4. 

Test samples by DMLS has been orientated in the 
vertical direction. The samples have been directly 
connected to the base plate, the support structure was not 
being used between samples and base plate. All samples 
were produced in one building volume in EOS M 280 
machine, with same set of the parameters call “direct 
tool”, with layer thickness of 0.4mm. This set of parameter 
has double exposition in the first 3 layers in order to 
provide better bonding of the samples to the base plate.   

 
Figure 5. Samples position and orintation in working 

volume on EOS M 280 
In order to create references for surface 

comparison, the set of the reference samples has been 
created from steel who has similar mechanical properties 
to the margining steel MS1 and it is a commonly used in 
tool production. The reference samples have created from 
tool steel and hard alloy with chemical composition 
according to European classification 1.2343 and German 
X37CrMoV5-1 [20].  

The samples polished with diamond paste with 
particle size of 9µm has noted as K2.1 and K2, while the 
samples polished with diamond paste with particle size of 
the 0.25 µm has been noted as K1.1 and K1. Samples K1 
and K2 are made by subtractive methods – turning and 
polished from steel 1.2343. Samples noted K1.1 and K2.1 

are manufactured by DMLS on EOS M280, heat treated 
according to the EOS recommendation, and finally 
polished. 

All samples are polished with corresponding 
diamond paste, after production, in same manner – 3 hour 
on polishing machine. 

Visual inspection of the surface was conducted 
with Olympus Bx51-P Polarizing Microscope, shown in 
Figure 6, with magnification of 50x and 100x.  

 
Figure 6. Olympus Bx51-P Polarizing Microscope 

Surface roughness was tested with Taylor-Hobson 
Surtronic 3P measuring device, shown in Figure 7. The 
surface roughness was tested on the surface length of 
25mm. Each specimen is tested three times, where 
between tests specimen is rotated for 90º.  

 
Figure 7. Taylor-Hobson Surtronic 3P for measurement of 

the surface roughness 

4. RESULTS AND DISCUSSION 
  Results of the visual comparison of the parts 

produced by subtractive methods (K1 and K2) and parts 
produced by DMLS are shown on Figures 8 – 15. From 
the provided figures it is clear that parts produced by 
DMLS have more voids (inclusions) on the surface than 
the parts produced substractive methods from 1.2343 steel. 
This surface condition and amount of the inclusion on it is 
best shown on the parts wich are polished with diamond 
paste with aprticle size of the 0.25 µm , which is presented 
on the Figures 12-15. The arithmetical mean roughness 
value - Ra  and maximum roughness depth – Rzmax are 
measured on the surface of the specimen.   
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Figure 8. Test sample K2.1, material: steel 1.2709, polished  

with diamond paste 9 µm, magnification 50x 

 
Figure 9. Test sample K2, material: steel 1.234, plished 

with diamond paste 9 µm, magnification 50x 

 
Figure 10. Test sample K2.1, material: steel 1.2709, 

polished with diamond paste 9 µm, magnification 100x 

 
Figure 11. Test sample K2, material: steel 1.2343, plished 

with diamond paste 9 µm, magnification 100x 

 
Figure 12. Test sample K1.1, material: steel 1.2709, 

polished with diamond paste 0.25 µm, magnification 50x 

 
Figure 13. Test sample K1, material: steel 1.2343, plished 

with diamond paste 0.25 µm, magnification 50x 
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Figure 14. Test sample K1.1, material: steel 1.2709, 

polished with diamond paste 0.25 µm, magnification 100x 

 
Figure 15. Test sample K1, material: steel 1.2343, plished  

with diamond paste 0.25 µm, magnification 100x 

 
The results of measurement of the surface 

roughness are shown in the Table 1. From obtained results 
it can be seen that there are not significant differences in 
the surface roughness between specimens. This can be 
explained that inclusion – voids on the surface of the 
specimen are not an empty space. Each “black spot” on the 
surface is filled with metal oxide and during of the process 
of the polishing is levelled with the rest of the material. 
Because of this, the measurement of the surface roughness 
is not capable to distinct voids from metal surface.     

Table  1. Masurement of the surface roughness  
Samples Ra (µm) Rzmax (µm) 

Surface polished with 0.25 µm polish paste 
K 1 0.05 0.32 
  0.06 0.44 
  0.04 0.35 
K 1.2 0.05 0.38 
  0.04 0.63 
  0.07 0.78 

Surface polished with 9 µm polish paste 
K1 0.08 1.12 
  0.12 0.90 
  0.1 1.10 
K2.1 0.1 0.98 
  0.12 1.1 
  0.1 0.95 

5. CONCLUSION 
The surface comparison of the parts produced by 

DMLS from margining steel and parts produced by 
subtractive methods are presented in this paper.   

From obtained results can be concluded that parts 
produced by DMLS has significant amount of the residues 
(inclusion, voids), on the surface. Those inclusions may 
have a big influence, in the tooling industry, on the quality 
of the injection molded parts, especially on the surface 
conditions.  

Measurement of the surface roughness has not gave 
the clear distinction between parts produced by DMLS and 
parts produced conventional methods. From one side this 
is good, because, we may achieve on all parts same surface 
quality. On the other side, measurement of the roughness 
has not able to detect the existence of the inclusion on the 
part surface. The surface imperfections, in this case, may 
be detected only under the microscope. 

In order to improve surface on the parts produced 
by DMLS, the micrography and metallography should be 
conducted. The influence of the parameters of the sintering 
process on the inclusion during part production should be 
considered. 

Based on the presented results of the surface 
quality, the production of the tools and molds for the 
cosmetic parts by injection molding should be considered 
in the future.   
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DMLS enables manufacturing of functional parts with complex shapes in a short time. This technology has some 
drawbacks: high manufacturing cost, residual stresses, and volume and surface imperfections. These problems can be 
solved by additional post processing (machining, heat treatment and shot peening), which increase manufacturing cost and 
time. There is an increasing interest towards the mechanical response of parts in the as-fabricated state. Being able to 
manage these parts, without the need for machining or heat treatment, would strongly increase the great potentials of this 
technology. The present study deals with the effect of machining and heat treatment (aging at the temperature of 490°C for 
6 hours) on the fatigue response of DMLS Maraging steel parts, with vertical build orientation. Specimens have been 
manufactured according to ISO 1143 for fatigue tests under rotating four-point bending. The experimental campaign has 
been arranged as a 2-by-2 factorial plane, with a total amount of four treatment combinations. The first results, processed 
also by tools of analysis of variance, indicate that heat treatment has the greatest beneficial impact on the fatigue response 
and that even without machining a fatigue limit in the order of 25% of the ultimate tensile strength can be achieved.  

Keywords: Fatigue strength, Maraging steel, Additive manufacturing, Direct Metal Laser Sintering, Aging heat 
treatment, Machining.

1. INTRODUCTION 

Additive Manufacturing (AM) process is based on 
layer manufacturing, without any additional tools or 
machining processes [1-4]. Direct Metal Laser Sintering 
(DMLS) and Selective Laser Melting are the two most 
important Additive Manufacturing technologies. Both of 
them are powder bed-based technologies.  

Concept of layered built parts dates from more than 
one century. AM enables manufacturing without tools, 
using just one AM machine fed by a CAD model. CAD 
model is split into two-dimensional layers with constant 
thickness, by specific software. These layers cabn be 
regarded as areas that will be melted with thickness 
corresponding to the distance between layers (thickness of 
the layer). Every new layer is fused with the previous one 
during the AM process. Part is built, by repeating this 
process until the last layer is stacked. 

There are several AM technologies that are divided, 
based on the type of material, how material is applied, 
fused etc. Powder Bed technology is based on material 
application on the entire building surface; afterwards, the 
laser or electron beam melts the area that corresponds to 
the sliced surface. The process is repeated, until part 
completion. Wire or powder feed technology is based on 
step-by-step material application and melting, forming the 
surface that correspond to the sliced layer. In this case, 
material is applied just to the surface that is being 
manufactured. A further classification of the AM 
techniques could be made, based on the principle of 
material melting (laser beam, electro beam, electro-arc 
etc.). In almost all the technologies for AM of metal parts, 
the material is completely melted and bonding between 
layers is achieved during solidification. DMLS and SLM 
are nowadays quite close technologies. Their different 
names mostly arise from different trademarks [5]. At the 
early stages of development of these technologies, 

components after manufacturing were porous, density was 
not full due to partial fusion. The sintering process was 
different and material was based on Iron, Copper and 
Nickel alloy. Additional processing was needed to achieve 
better density and fusion [6,7]. 

AM technologies are used not only in industrial 
applications but also in the medical field. It is possible to 
use these technologies and material, to build custom 
implants. Using 3D CT scanners, it is possible to model 
implants that perfectly fit the person’s need [8-10]. These 
materials have good bio-compatibility that gives them 
good potential for dental and medical purposes [11]. 

Since AM of metal parts is based on manufacturing 
of fully functional parts that can be built directly into 
machine, with minimal post processing, mechanical and 
physical characteristics of the built parts are of high 
importance. Layer based manufacturing provides 
characteristic microstructure of the build parts that is 
different than casted structure of the same material. In 
AM, material melting takes place on one plane (build 
plane), whereas the stacking direction is normal to this 
plane. Material melting and cooling rates are very high. 
Fast melting is the result of high energy concentration. 
Fast cooling arises from the small amount of melted 
material with low surrounding temperature. This high 
temperature gradient usually induces high residual 
stresses. Part building starts on thick steel plate (base-
plate). Part can be built directly on the plate or with a 
support structure, generated between plate and part. Its 
purpose is part constraining, moreover it facilitates heat 
flow from the part during the scanning (melting) process. 
Support structure needs to be strong enough, to restrain 
any kind of deformation that residual stress can cause. 

With casting technology, a much larger amount of 
material keeps heat accumulated for a longer period time. 
Melting and solidification of material is a slow process 
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and involves the whole volume. For this reason, it is 
interesting to explore influence of layer manufactured 
structure on mechanical properties. Machine manufactures 
usually provide some data regarding the mechanical 
properties of AM built parts in the material datasheets 
[12]. However, these mainly deal with static properties, 
such as ultimate tensile strength, yield strength, hardness, 
mechanical characteristics after ageing etc. 

Maraging steel is one of the most promising 
materials, for use in Additive Manufacturing [13]. Density 
of AM built parts are >90%. Hardness of AM built parts 
from maraging steel is similar to those made by 
conventional ways like casting. It has good mechanical 
characteristics and it can be a good candidate for high-
carbon steel substitution. It is resistant to corrosion and 
crack initiation during tempering and it has good 
machinability [14-16]. It has a relatively high ultimate 
tensile strength (UTS) after the heat treatment, around 
2000MPa. Thanks to its high UTS, it is a promising 
material to be used for complex structures exposed to high 
states of load. This becomes more attractive, considering 
that AM technologies gives the chance to build multi-part 
object as a single part [17]. Research contributions on the 
Fatigue limit (FL) and the fatigue strength (FS) of 
Maraging steel made by some of AM processes are quite 
limited, to the authors’ best knowledge. This paper 
presents a follow-up of a previous research by the same 
authors [18].  

Components produced by AM can have different 
orientation with respect to the stacking direction of the 
layers. The aim of the previous research was to explore the 
effect of build orientation on the fatigue strength of 
Maraging Steel samples built by DMLS EOS M280 
machine. The obtained results indicate that part orientation 
did not have significant effect on FS and FL.  

Literature studies dealing with orientation influence 
on the mechanical properties of the parts made by AM are 
few. Most of the research deals with the influence of 
orientation and additional post-processing on tensile 
strength [19-21]. Few papers are concerned with research 
on the part orientation effect on fatigue strength of 
Aluminium alloy [22-25], Inconel alloy [26] and Titanium 
alloy samples [27]. Review papers have been written, 
trying to collect all the technologies and all the available 
mechanical testing results [28]. However, a lack of 
consistency between the testing procedures and the 
obtained results can be noticed, when all these data are 
rounded together. Different technologies provide different 
results for same materials. This may be due to the lack of 
Standards in AM that define the parameters of the process, 
how building preparation of samples should be managed, 
etc.  

There is an increasing interest in lowering down 
post-manufacturing expenses in AM, and in speeding up 
the process from design to installation. Sometimes, post 
processing is not possible, for instance, when treating 
lattice structures, cooling channels in injection moulds or 
in turbine blades. In particular, machining or shot-peening 
cannot be performed on internal surfaces. This was the 
main motivation that led to this study. This topic has been 
tackled experimentally: for this purpose, an experimental 
campaign has been arranged as a 2-by-2 factorial plane, 

with a total amount of four treatment combinations as 
shown in Table 1, presenting four sample types, one for 
each of the treatment combinations. 

Table 1:  2-by-2 research plan 

N 
Not heat treated 

As Built 

M 
Not heat treated 

Machined with 0.5mm 
allowance 

H 
Heat treated 

As Built 
 

1 
Heat treated 

Machined with 0.5mm 
allowance 

As an extension of the previous research [18], this 
paper focuses on the effects of heat treatment and 
machining influence on FS and FL. Samples without 
machining, named “as built” underwent only shot peening 
as surface post processing.  

2. MATERIALS AND METHODS 
Testing procedure was based on ISO 1143 Standard 

for rotating bending fatigue testing [29]. Standard defines 
testing procedure, loads and specimen geometry. 
Specimens were designed with cylindrical smooth 
geometry with reduction at the gage cross section. 
Specimen geometry with uniform 6mm diameter at the 
gage the as smallest dimension purposed by the Standard, 
has been chosen as the best compromise, considering the 
high manufacturing costs. A drawing of the specimen is 
shown in Fig. 1. The specification regarding surface 
quality was not considered for the “as built” to properly 
account for the influence of machining.  

 
Figure 1: Specimen drawing with the 6mm diameter at 

gauge, according the ISO 1143 standard 

The specimens have been manufactured by M280 
DMLS machine (EOS GmbH – Electro Optical Systems, 
Germany), equipped by Ytterbium fibre laser with 200W 
power and emitting 0.2032mm thickness and 1064nm 
wavelength infrared light beam [30]. Specimen material 
was MS1 maraging steel (EOS GmbH – Electro Optical 
Systems, Germany), equivalent to 1.2709 steel [31]. 
Chemical composition of the material is provided in Table 
2. Specimen manufacturing was done in the processing 
chamber of the machine. The recoater applies material 
from the dispenser platform on building plate and takes 
excess material onto collector platform.  Building starts on 
the base plate with working area of 250×250mm in 
horizontal plane and with maximum building height up to 
325mm. Base plate was preheated to the temperature of 
40°C.  
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Table 2: Chemical composition of MS1 Maraging Steel by EOS 

 Fe Ni Co Mo Ti Al Cr Cu C Mn Si P S 

%  17-19 8.5-
9.5 

4.5-
5.2 

0.6-
0.8 

0.05-
0.15 ≤0.5 ≤0.5 ≤0.03 ≤0.1 ≤0.1 ≤0.01 ≤0.01 

Manufacturing process typically takes place in 
nitrogen inert atmosphere, generated from compressed air 
by nitrogen generator that is built inside machine. Process 
chamber consists of three platforms and recoater: The 
Dispenser platform, where material powder is contained, 
the Building platform, on which the base plate is set and 
building process is done, the Collector platform for the 
collection of excess material. Schematics of the building 
chamber is presented on Fig. 2 

 
Figure 2. Process chamber schematics 

Material is applied with 40µm thickness that 
corresponds to layer thickness for the MS1 Maraging 
Steel. Building parameters (laser speed, laser power, laser 
offset, layer thickness etc.) of the EOSINT M280 for MS1 
sample manufacturing were kept constant. They were 
provided by the EOS as a predetermined set of parameters 
named “PERFORMANCE”. This parameter set is a good 
compromise between good surface quality and 
manufacturing speed, for which EOS warrants mechanical 
characteristics of the built parts. 

Scanning strategy was set in such way, where laser 
scans surface in parallel traces in one layer. For next layer, 
scanning strategy was rotated by an angle of 67°. For 
every layer, the contour of the scanned surface was finally 
rescanned, in order to get better surface quality. Example 
of the scanning process is shown in Fig. 3 a). 

Specimens were built directly on the base plate, 
without using a support structure, Fig. 3 c). Proceeding 
this way, the surface quality of the as built specimens 
could keep unaffected by the support structure teeth traces 
on the surface. After building process, specimens were 
taken from the process chamber, cleaned from excessive 
powder by shot-peening, using stainless steel spherical 
shots with 400 μm diameter. Cutting off samples from the 
base plate was done by wire cutting with Electrical 
Discharge Machining (EDM).  

Samples planned for heat treatment underwent age-
hardening by heating in oven. Temperature was increased 
from room temperature to 490 °C in 1h, afterwards, they 
were kept at constant temperature for additional 5h (total 
6h process). This heat treatment was particularly important 
for lowering or relaxing the residual stresses, which arise 
from AM process, thus enhancing fatigue response of the 
built specimens [32, 33]. Since these samples were built 
vertically, their geometry was not influenced by residual 

stress. After heat treatment process, specimens were 
cooled to room temperature in fresh air. Shot-peening gave 
effect just in better surface quality and closing micro pores 
for as built samples. For heat treated samples surface 
hardening induced by plastic deformation was lost after 
ageing, due to relaxation of the compressive residual 
stresses induced by shot-peening. The effect of micro shot 
peening was also questionable for the machined samples, 
since allowance for machining was 0.5mm. There is large 
probability that the hardened surface following micro shot 
peening was removed upon machining. Finally, specimens 
planned for machining, underwent machining and refining 
by grinding with the aim of achieving the surface quality 
required by the ISO 1143 Standard and also to improve the 
fatigue performance [29]. 

 
Figure 3. a) As Built specimens during scanning,  

b) Specimens cleaning from powder,   

c) Specimens after micro shot peening 
For this research campaign, three sets of samples 

were built, all with vertical build orientation, with dog 
bone shape and shot peened. The first specimen set, type 1 
(with additional age-hardening and machining with 0.5mm 
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allowance), was tested in the previous research campaign 
[18] and the related results were used here for 
comparisons. The second specimen set type M, for 
machined condition without age hardening, was built 
under the same conditions as the first one, with 0.5mm 
allowance for machining. The last two sets in the as built 
condition (one with age hardening, type H, the other 
without age hardening, type N) were built without any 
additional material allowance. Their surface roughness 
was lowered just by micro shot peening process.  

Specimens were mounted on the testing rig, by 
tightening their heads into chuck collet, on both sides of 
the specimen Fig 4. Load was kept constant and bending 
moment was constant at gage during testing Fig. 5. The 
Testing rig, for four-point rotating bending was described 
in [18]. 

 
Figure 4. a) Clamped specimen after break, 

b) Specimen running,   
c) Chuck collet  

 
Figure 5. Load distribution 

The specimens were tested until failure or until 107 
cycles: in this case the specimen was marked as “RUN 
OUT”. Each sample set consisted of 7 to 14 specimens. In 
the previous stage of the research, some samples were 
damaged during the manufacturing process, so they were 
not considered. 

Using the aforementioned procedure, it was 
possible to obtain FL and the S-N curve for finite life 
domain. Fatigue limit was obtained by the Dixon stair-case 
method for small number of sample trials with failure or 

non-failure outcomes [34]. Dixon method is a modified 
stair-case method that makes it possible to estimate FL 
even from small series of nominal trials (in this case four 
to seven). Standard deviation was estimated to estimate the 
uncertainty and to determine the confidence band for FL. 
ISO 12107 was used for processing data in finite life 
domain [35]. Data were linearly interpolated in 
logarithmic diagram. Upper and lower limits of the 
logarithmic curve were determined, based on the standard 
deviation of fatigue life, with the probability of failure of 
90% for upper limit and 10% for lower limit and with the 
confidence level of 90%. 

3. EXPERIMENTAL 

All the samples have undergone geometry 
measurement, to check drawing requirements 
accomplishment. Diameter dimension and surface 
roughness have been measured at the head and gauge. For 
this purpose, a micrometre screw gauge, (with the 
resolution of 0.01mm) and a portable surface roughness 
tester (with the resolution of 0.01 μm, Handysurf E-30A; 
Carl Zeiss AG, Oberkochen, Germany) have been used. 

Diameter measurement checks have been done at 
two points at the heads, replicating measurement with 90° 
rotations at each point, for a total of eight replications, 
including both specimen heads. Diameter at the gauge was 
measured at three points, with two replications for each, 
by 90° rotation for an overall number of 6 replications. 

Surface roughness on the both heads was measured 
at four points, with 90° angular spacing, with two 
replications, for a total number of eight replications per 
head. Surface roughness at the gauge was measured only 
after breakage, in same manner as at the heads, with eight 
replications per broken side. Specimens that survived 
testing, marked as run-out, were not measured for surface 
roughness at the gauge. 

Average values of the diameter and surface 
roughness measurements are presented in Tables 3 to 6. 
Table 3. Diameter and roughness measurement for sample 

type 1 
 Gauge diameter Head diameter 

Speci
men 
 ID 

Mean 
[mm] 

ST. 
Dev. 
[mm] 

Roug
hness 
[µm] 

Mean 
[mm] 

ST. 
Dev. 
[mm] 

Roug
hness 
[µm] 

1.1 6.00 0.004 0.248 9.93 0.004 0.26 
1.2 6.00 0.004 0.470 9.93 0.000 0.21 
1.3 6.00 0.000 0.447 9.93 0.000 0.29 
1.4 6.01 0.000 0.395 9.93 0.000 0.20 
1.5 6.00 0.004 / 9.92 0.000 0.31 
1.6 6.01 0.000 / 9.93 0.000 0.22 
1.7 6.00 0.000 / 9.93 0.007 0.27 
1.8 6.00 0.004 0.697 9.93 0.000 0.30 

Specimen types 1 and M are well consistent with 
the drawing requirements presented in Fig.1.  
Measurements indicate minor diameter deviations from the 
drawing specifications, according to ISO 1143, for 
specimen types H and N. Surface roughness values for the 
same specimen types were almost five times higher than 
specifications. It is reasonable, considering that these 
specimens were in as-built condition. Although these 
specimens did not satisfy surface roughness requirements, 
their testing was justified by the increasing demand for as-
built parts and by the need for an estimation of their 
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fatigue response. After measurement procedure, fatigue 
tests were carried out, loading the samples under four-
point rotary bending. 

Table 4. Diameter and roughness measurement for sample 
type H 

 Gauge diameter Head diameter 
Speci
men 
ID 

Mean 
[mm] 

ST. 
Dev. 
[mm] 

Roug
hness 
[µm] 

Mean 
[mm] 

ST. 
Dev. 
[mm] 

Roug
hness 
[µm] 

H.1 6.05 0.004 4.063 10.09 0.017 4.90 
H.2 6.06 0.015 4.700 10.10 0.012 4.95 
H.3 6.06 0.008 4.055 10.07 0.010 5.02 
H.4 6.06 0.011 3.738 10.10 0.015 4.55 
H.5 6.05 0.004 3.769 10.09 0.004 4.13 
H.6 6.06 0.008 / 10.08 0.010 5.50 
H.7 6.06 0.008 / 10.09 0.017 4.78 
H.8 6.05 0.003 / 10.09 0.013 4.30 
H.9 6.05 0.006 4.000 10.08 0.014 4.70 

H.10 6.08 0.005 4.195 10.11 0.019 4.67 
H.11 6.04 0.012 5.614 10.09 0.006 6.38 
H.12 6.05 0.014 3.714 10.07 0.014 4.55 

Table 5. Diameter and roughness measurement for sample 
type N 

 Gauge diameter Head diameter 
Speci
men 
ID 

Mean 
[mm] 

ST. 
Dev. 
[mm] 

Roug
hness 
[µm] 

Mean 
[mm] 

ST. 
Dev. 
[mm] 

Roug
hness 
[µm] 

N.1 6.08 0.012 4.24 10.07 0.020 5.54 
N.2 6.09 0.010 4.12 10.08 0.004 5.48 
N.3 6.08 0.008 3.97 10.06 0.010 5.19 
N.4 6.09 0.008 4.37 10.07 0.013 4.74 
N.5 6.09 0.005 4.57 10.07 0.019 5.28 
N.6 6.09 0.009 / 10.07 0.012 4.75 
N.7 6.09 0.010 / 10.08 0.007 4.43 
N.8 6.08 0.007 / 10.07 0.008 4.24 
N.9 6.09 0.007 4.07 10.06 0.010 4.76 

N.10 6.09 0.009 5.12 10.08 0.011 5.65 
N.11 6.10 0.012 4.54 10.08 0.014 4.72 
N.12 6.08 0.012 2.30 10.07 0.015 4.86 
N.13 6.08 0.009 3.75 10.08 0.008 5.10 
N.14 6.09 0.014 4.21 10.05 0.003 4.48 

Table 6. Diameter and roughness measurement for sample 
type M 

 Gauge diameter Head diameter 
Speci
men 
ID 

Mean 
[mm] 

ST. 
Dev. 
[mm] 

Roug
hness 
[µm] 

Mean 
[mm] 

ST. 
Dev. 
[mm] 

Roug
hness 
[µm] 

M.1 5.99 0.006 0.753 10.01 0.003 0.24 
M.2 5.99 0.009 0.544 10.02 0.002 0.94 
M.3 5.99 0.007 0.701 10.02 0.001 0.29 
M.4 5.99 0.005 0.694 10.04 0.058 0.95 
M.5 5.99 0.008 0.748 10.01 0.002 0.94 
M.6 5.99 0.006 / 10.02 0.002 0.30 
M.7 5.99 0.007 0.765 10.00 0.005 0.29 
M.8 6.00 0.004 / 10.02 0.002 0.36 
M.9 6.02 0.005 / 10.01 0.002 0.94 
M.10 5.99 0.005 0.714 10.02 0.002 1.03 

Tightening was done in such a way that specimen 
heads could not revolve in any chance inside chuck collets. 
It was also important to avoid overtightening, otherwise 
superposition of the chuck collet pressure and load may 
have occurred, which is likely to result in some irregular 
results. After specimen was mounted, radial misalignment 
of the gage section was checked. Total misalignment 

between spikes, was also checked for all samples during 
machining process. Testing was done under reversed 
bending load with stress ratio R=-1 and with the frequency 
of 60Hz. Fractographic and micrographic analysis have 
been done as well for some samples, after the end of the 
testing campaign to examine fracture initiation and 
propagation areas.  

4. RESULTS 
The results of the testing campaign are collected in 

Tables 7 to 9. The Tables provide data regarding specimen 
ID, applied loads, nominal stress value at the gage, 
observed life and comment regarding the trial outcome. In 
particular, “Run-out” indicates that the specimen survived 
testing at given load after 107 cycles, whereas “Yes” 
indicates that failure occurred. In this case the number of 
cucle to failure is also reported. 

Table 7. Test results for sample type 1 
Specimen 

 ID 
Load 
[N] 

Stress 
[MPa] 

Life 
[cycles] Failure 

1.1 211.9 699 2 277 295 Yes 
1.2 201.6 665 3 374 203 Yes 
1.3 180.5 596 6 090 458 Yes 
1.4 158.9 524 - Run-out 
1.5 169.7 560 - Run-out 
1.6 169.7 560 - Run-out 
1.7 180.5 596 - Run-out 

Table 8. Test results for sample type H 
Specimen 

ID 
Load 
[N] 

Stress 
[MPa] 

Life 
[N] Failure 

H.1 211.8 699 85 768 Yes 
H.2 184.9 610 120 572 Yes 
H.3 157.4 520 127 820 Yes 
H.4 103.0 340 - Run-out 
H.5 139.3 460 - Run-out 
H.6 148.6 490 - Run-out 
H.7 148.6 490 - Run-out 
H.8 157.4 520 - Run-out 
H.9 166.7 550 523 162 Yes 

H.10 175.5 580 491 671 Yes 
H.11 166.7 550 56 331 Yes 
H.12 161.8 534 405 247 Yes 

Table 8. Test results for sample type N 
Specimen 

ID 
Load 
[N] 

Stress 
[MPa] 

Life 
[N] Failure 

N.1 184.9 610 175 804 Yes 
N.2 166.7 550 236 637 Yes 
N.3 148.6 490 3 577 212 Yes 
N.4 130.4 430 8 336 653 Yes 
N.5 121.2 400 9 659 056 Yes 
N.6 112.3 370 - Run-out 
N.7 121.2 400 - Run-out 
N.8 130.4 430 - Run-out 
N.9 139.3 460 8 069 582 Yes 

N.10 130.4 430 - Run-out 
N.11 139.3 460 9 900 777 Yes 
N.12 184.9 610 151 212 Yes 
N.13 166.7 550 156 691 Yes 
N.14 148.6 490 687 908 Yes 

Table 9. Test results for sample type M 
Specimen 

 ID 
Load 
[N] 

Stress 
[MPa] 

Life 
[N] Failure 

M.1 184.9 610 81 160 Yes 
M.2 157.4 520 219 333 Yes 
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M.3 139.6 460 2 415 186 Yes 
M.4 121.2 400 7 885 879 Yes 
M.5 112.3 370 3 035 027 Yes 
M.6 103.0 340 - Run-out 
M.7 112.3 370 7 879 073 Yes 
M.8 103.0 340 - Run-out 
M.9 112.3 370 - Run-out 
M.10 121.2 400 5 662 050 Yes 

Finally, each specimen was removed from the 
chuck collets and carefully examined for any irregularity.  

5. DISCUSSION 
The results of specimen testing presented in the 

previous Section were processed, to obtain the S-N curves 
in the finite life domain [35]. Curves trends with their 
upper and lower bounds for 90% confidence levels, 
obtained using linear regression method, are shown in 
Figures 6 to 9, using double logarithmic scale.   

 
Figure 6. S-N Curve for sample type 1  

 
Figure 7. S-N Curve for type sample H 

 
Figure 8. S-N Curve for sample type N 

 
Figure 9. S-N Curve for sample type M 

Details regarding specimen type, load ratio, testing 
frequency and the equation of the curve are also included 
in the same graphs. Run outs are marked with arrows on 
the graphs with indication of how many of them occurred 
at any load level. For all sample types, inclination angles 
between S-N curves and vertical axis were calculated. For 
sample type 1 the angle value it is 76°, for sample type H, 
it is 71°, for sample type N, 85° and for sample type M, 
84°. Larger angle between the vertical axis and the S-N 
curve means that that those sample types are more 
sensitive to load increase. For those sample types with 
smaller angle value, the number of cycles to failure 
decreases less with load increase. Change in load leads to 
smaller change in cycle number. Sample types N and M 
exhibit a higher sensitivity to load increase than sample 
types 1 and H. A reason for this can be influence of age 
hardening, their hardness should be increased from 33-37 
HRC to 50-56 HRC [31]. Sample type H exhibited greater 
scattering of the results than the other three sample types, 
which can be seen in Fig. 7. Specimens experienced 
failures at the same or close load levels with considerable 
differences in life cycle numbers, which also affected the 
unusual S-N curve inclination. As an effect of these 
outcomes, the confidence band for this curve is 
particularly wide (much wider than the others), which will 
probably require to run further tests at the next stages of 
this research.  

Fatigue limit for every sample type was obtained 
using Dixon stair case method, based on the retrieved 
series of failure, and not-failure outcomes.  

 
Figure 7. Fatigue limits with confidence bands 

 Fatigue limits for all sample types with their 
confidence band (95% confidence level) are presented in 
the bar graph in Fig. 7. The first two sample types 
underwent heat treatment, whereas the second two ones 
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were without heat treatment. The calculated value of FL 
for sample type 1 is 606MPa, for sample type H is 
524MPa, for sample type N is 426MPa and for sample 
type M is 363MPa. These results indicate that heat 
treatment significantly enhances FL. UTS of MS1 
maraging steel is 1100MPa in as the built condition, after 
hardening it is incremented up to 2050MPa, corresponding 
to almost 100% increase of UTS, following heat treatment 
[31]. Sample types 1 and H underwent hardening and their 
FL is respectively 29% and 25% of UTS. Sample types N 
and M were without hardening and their FL is indeed 
lower but respectively 39% and 33% of the corresponding 
UTS without heat treatment. These ratios are much lower 
than the commonly accepted ratios of FL over UTS of 50% 
for machined samples, but are in agreement with some 
literature research, when considering as built parts [38-39]. 
This is not surprising, due to the layered characteristic of 
specimens. Sample type N had greater FL, than machined 
sample type M. Both samples were without any heat 
treatment. First, it must be observed that the difference 
between type N and type M fatigue strengths is quite 
small: a statistical test, based on the Analysis of Variance 
and on the Fisher-test, indicated that these differences are 
not significant at the 5% significance level. Anyway, some 
possible reasons for unmachined samples having a better 
performance than machined ones is provided in the 
following. Sample types N had greater surface roughness 
than types M. This is possible outcome of shot peening 
which is known to have positive effect on FL [40].  

 

 
Figure 8. Pore in crack initiation zone, close to the surface 

for H.5 specimen 
The surfaces of the sample types N were hardened 

by shot peening plastic deformation, and all micro pores 
were closed as a result of this process, conversely for 
sample type M, this effect is shadowed because of the 
machining. Machining also took possible irregularities and 
porosities inside material to surface, which are possible 
sources of premature crack initiations [27].  

The previous statement can be confirmed by the 
many porosities and voids revealed during fractographic 
and micrographic analysis. During fractographic analysis 
of break surface of both sides of the broken sample, it was 
found that crack initiation and nucleation starts at one 
point on the surface or just beneath it, as shown in Fig. 8. 
Some amount of voids and inclusions were noticed on 

fractured surface of all samples. It is indeed possible that 
voids or inclusions were responsible for crack initiation: 
most cracks seem to start from such defects. On all the 
samples, only one crack initiation point was noticed. There 
have been some doubts for as built samples, due to surface 
roughness influence (notch effect). 
Fracture surface of as built samples without heat treatment 
showed coarse-grained structure. 

Some specimens were cut, embedded into phenolic 
resin, and polished for micrographic analysis Fig.9.  

 
Figure 9. Specimen preparation for micrography 

Specimen surface was etched with combination of 
150cc of water (H2O), 50cc of Chloridric Acid (HCl), 25cc 
of Nitric Acid (HNO3) and 1g of Calcium Chloride. 
Etching was done at room temperature for 70 seconds. It 
must be pointed out that laser scanning traces were visible 
both in longitudinal and in transverse sections, regardless 
of heat treatment execution.  

 
Figure 10. a) Longitudinal section of the N.2 specimen 

without heat treatment 
b) Build plane section (normal to specimen axis) 

Some inclusions were noticed and marked with 
arrows in Fig.10. Scanning pattern in build plane section 
Fig.10 b), shows some scanning traces underneath with 
rotation angles corresponding to the aforementioned angle 
of 67°. Specimens without heat treatment had more 
pronounced scanning traces that those that had undergone 
the heat treatment by age hardening (see Fig 11). This 
outcome indicates that heat treatment had some effect on 

D.33



Proceedings of IX International Conference “Heavy Machinery- HM 2017”, Zlatibor, 28 June – 1 July 2017 
 

S. Ćirić-Kostić, N. Bogojević, A. Vranić, D. Croccolo, M. De Agostinis, S. Fini, G. Olmi 

fusion of the laser traces but was not effective at 
completing deleting these traces. For all the four sample 
types a comparable amount of inclusion was observed. 
Heat treatment had no effect on the presence of porosities 
in material. 

 
Figure 11. a) Longitudinal section of the specimen with 

heat treatment 
b) Build plane section (normal to specimen axis) 

6. CONCLUSION 
This paper aims at a study on machining and heat 

treatment effects on fatigue limit and fatigue strength of 
Maraging Steel specimens manufactured by DMLS 
EOSINT M280 machine. Four sample sets were 
considered, all with vertical stacking direction during 
building. No deformation of the specimens as a result of 
residual stresses was observed. All the sets were shot 
peened as part of cleaning process. Two sets underwent 
machining procedure for 0.5mm allowance and two were 
left in the as built surface state. One machined and one as 
built set were heat treated by age hardening in oven. All 
sample sets were then tested under four point bending 
tested with R=-1 load ratio at the frequency of 60Hz. All 
the experimental results were processed for the 
determination of S-N curves in the finite life domain and 
fatigue limits. The heat treated samples exhibited steeper 
S-N curve than the samples without heat treatment.  
Moreover, heat treated samples without machining 
exhibited a great result scattering that can be attributed to 
notch effect deriving from surface roughness. Anyway, 
this outcome will need further testing and investigations at 
the next stages of the research. Heat treated sample types 
had greater fatigue limits than samples without heat 

treatment. Fatigue strength to ultimate tensile strength 
ratio for unmachined heat treated samples was around 
25%, which is consistent with other research but lower 
than the corresponding ratios for the other two sample sets. 
In fact, when running comparative analysis, it must be 
noticed that the ultimate tensile strength for samples 
without heat treatment is almost one-half of the value for 
heat treated ones. 

Machined samples without heat treatment had 
lowest ultimate tensile strength. A possible reason is that, 
following machining, pores, inclusions and micro cracks 
were brought to the surface and became source of micro 
stress concentration, thus inducing crack initiation and 
detrimentally affecting fatigue limit. In addition, the 
hardened surface obtained by plastic deformation (and the 
related compressive residual stress state) via shot peening 
was also taken away, which is not the case for as built 
sample without heat treatment, resulting in a greater 
fatigue limit.  
 in the future it could be possible to expand 
research with shot peening effect on machined samples 
after machining. In this way all the pores and microcraks 
brought to surface would be closed, the surface would be 
hardened by plastic deformation and a potentially 
beneficial compressive residual stress state could be 
induced. 
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Waste powder is part of the powder used during selective laser sintering that is not built into products and cannot 

be re-used. The amount of the waste powder influences the costs of the manufacturing. A part of the waste powder is the 
powder that remains attached to the products after their removal from the production chamber. The amount of the attached 
powder depends on many factors, and the estimation of the amount of the attached powder is a complex task. 

This paper presents three methods for simple and fast, although not very accurate, estimation of the mass of the 
attached powder on the basis of calculation of mass of the products and the total mass of powder used during a production 
process. The results show that the methods may give a useful estimation of the mass of the waste powder in the long run if 
the products are not lightweight structures. 

Keywords: Additive manufacturing, Selective laser sintering, Manufacturing costs
1. INTRODUCTION

The topic of costs of the additive manufacturing 
(AM) technologies became of interest in late 1990s, after 
the AM technologies left laboratories and started 
becoming commercial manufacturing technologies. 
However, a common and comprehensive model of the 
manufacturing costs is not developed after two decades of 
the efforts made by expert teams, which usually consist of 
experts in economy and AM engineers and technicians as 
consultants. One of the important reasons for lack of the 
common cost model of AM technologies is variety of the 
AM technologies. Various AM technologies have different 
costs, so that limited experience of the consultants often 
translated to limited applicability of the cost models 
developed by the economic experts. An extensive 
overview of the cost models of the AM is recently given in 
[1]. 

The progress in the development of cost models 
consisted in expansion of the considered number of factors 
that influence the AM costs. The initial cost models [2] 
were based on experiences of injection moulding, and it 
considered only variable AM costs, including machine 
costs per part, labour costs per part and material costs per 
part. Such models neglected important aspects of AM 
technologies, such as ability for recycling of the used 
material and requirements for extensive post-processing. 
An important breakthrough in the development of cost 
models was separation of the AM costs to direct and 
indirect costs, which led to proper consideration of high 
overhead costs of the AM technologies [3]. Further step in 
the development of the cost models was extensive study of 
the energy consumption [4], which exposed importance of 
the proper treatment of the utilization of the capacity of the 
used machine [5]. Due to the complexity of the AM 
technology, the refinement of the AM cost model was 
performed by advance modelling of the AM technology 
process by the Event-driven Process Chains methodology. 
The model was first that considered post-processing as an 
important aspect of the AM technology and it was further 
used for activity based calculation of AM costs [6]. 

Further improvement of the cost model was development 
of an algorithm for calculation of the production time 
fraction for each of the parts in a single AM job [7]. The 
described study of the AM costs led to the state-of-the-art 
model of the selective laser sintering (SLS) technology 
costs [8], which considers recycling of the used powder. 
However, this model does not consider structure of the 
waste material costs in the SLS process. 

Figure 1: Part of a SLS production chamber where 
the powder resides 

The waste powder represents a part of the powder 
that is not built into products, but still may not be used for 
recycling. There are two main sources of waste powder 
during SLS, the powder that remains in the production 
chamber after a production process, and the powder that 
remains attached to the products after they are taken out of 
the product bin. 

The production process of AM technologies 
consists of sequence of processes of production of 
individual layers of the products. With the SLS 
technology, each of the layers is manufactured by melting 
of a thin layer of powder in the powder bed (Figure 1), 
which is closed inside the production chamber of a SLS 
machine. Before production of each of the layers, a small 
amount of the powder is brought to the production 
chamber, and the recoater of a SLS machine distributes 
uniformly the added powder over the top surface of the 
powder bed. After the production of a layer, a movable 
platform at the bottom of the product bin is lowered, and 
the manufactured layer is covered by the powder added for 
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manufacturing of the next layer. However, since the 
product bin is supported by a holder plate, the powder is 
also distributed over the surface of the plate. When the 
product bin is removed from the production chamber, the 
powder on the holder plate remains in the production 
chamber, and has to be removed by vacuum cleaner before 
a new production process is started. The amount of the 
powder that remains in the production chamber after a 
SLS production process is roughly constant, and represents 
a part of the fixed production costs. 

  
Figure 2: Removal of waste powder by machines 

(left) [9]and hand tools (right) [10] 
When a product of the SLS manufacturing is taken 

out of the production bin, an amount of the powder 
remains attached to it. Some of the attached powder is 
connected to the product by adhesion, but a part of the 
attached powder is closed in internal cavities, holes and 
openings within the products. The attached powder is 
removed by dusting and blasting using machines, but 
sometimes is required time-consuming removing by hand 
tools (Figure 2). 

The amount of the attached powder is variable for 
each product and production process, and depends on 
many unpredictable factors. Some of the factors are of the 
objective nature, such as: 

• shape, surface and volume of the product, 
• quality and the composition of the powder, 
• arrangement of products in the product bin, 
• duration and regime of cooling of the product bin, 
• quality of the manipulating equipment, 

but some factors are of subjective nature, such as skill of 
the person who removes the powder and skill of the person 
who plans the spatial distribution of the products in the 
product bin. For that reason, even the processes that 
produce the same products, and with the same procedure, 
end up with different amounts of the waste powder.  

The experience of research work (that will be 
presented later in the paper, see discussion of the results 
presented in the Figure 3) shows that the amount of the 
waste powder is in many cases even higher than the 
amount of the powder built in products and used for 
recycling, which inspired research presented in this paper. 

2. MODELS 
The total mass of the waste powder (W) may be 

expressed as the sum of the mass of the powder that 
remains in the production chamber (C) and the mass of the 
attached powder (A): 
 W C A= +  (1) 

Since the area of the holder plate (S), the thickness 
of the powder bed (t) and the density of the powder (d) are 
known, the mass of the powder that remains in the 
production chamber may be calculated as: 
 C S t d= ⋅ ⋅  (2) 

On the other hand, as explained, the amount of the 
attached powder is almost impossible to calculate, and 
even very hard to estimate in general case. This conclusion 
calls for development of a methodology that may be 
“tuned” for specific cases, which may vary from SLS 
machine to SLS machine, from market to market, or even 
from company to company. 

The nature of the problem calls for the soft 
computing techniques, which are applied to complex 
problems with many input variables that do not require 
high accuracy of solution. The soft computing techniques 
include fuzzy logic, evolutionary computation, machine 
learning and probabilistic reasoning. Since “tuning” of all 
of the aforementioned methodologies require substantial 
knowledge and understanding, in this paper we consider a 
simple heuristic approach that may be easily implemented 
in all cases. 

Heuristic approach to problem, by Wikipedia, is 
“any approach to problem solving, learning, or discovery 
that employs a practical method not guaranteed to be 
optimal or perfect, but sufficient for the immediate goals. 
Where finding an optimal solution is impossible or 
impractical, heuristic methods can be used to speed up the 
process of finding a satisfactory solution. Heuristics can be 
mental shortcuts that ease the cognitive load of making a 
decision.” While the most obvious examples of heuristics 
include using a rule of thumb, educated guesses, intuitive 
judgment, stereotyping, profiling and common sense, in 
the recent decades were discovered and studied many 
heuristic techniques [11][12] that humans use 
unconsciously, which shows the evolutionary importance 
of the techniques. 

One of simple, but often used, heuristics is one-
reason-decision-making, where a complex estimation is 
made by looking for only one “smart” predictor, and the 
estimation is based on that predictor. With the aim to 
select the “smart” predictor that will be used to estimate 
the mass of the attached powder, in this paper are studied 
various possible descriptors of SLS processes, which are 
based on masses of products and product bin after 
production. 

The masses are selected as the “smart” predictors 
for two reasons. The first reason is practical, since masses 
are quantitative parameters that may be subjected to 
numerical methods of theoretical and experimental 
research. Furthermore, the masses may be calculated 
before the start of the production processes, and measured 
after the process. Therefore, selection of the masses as the 
predictor of the SLS process enables development of 
quantitative models and their application for prediction of 
the amount of the attached powder. The other reason for 
selection of the masses as the “smart” predictor is that 
mass of the products and the powder are connected to 
some parameters that affect the amount of the attached 
powder, such as the size of the products and, to a certain 
measure, even their shape and arrangement in the product 
bin. Of course, the masses are not connected to many of 
the remaining relevant parameters, and one cannot expect 
accurate predictions using one-reason-decision-making 
heuristic approach to such a complex problem. Based on 
the same input data (the masses of products and whole 
powder in the production bin), several different one-
reason-decision-making methods may be proposed. 
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2.1. Absolute mass method 
The first approach is to use raw input data, the 

calculated or measured mass of products (P) and 
calculated or measured total mass of the product bin after 
production (T), as the predictor variables. The mass of the 
products is calculated using the data about the volume of 
the products (V), which may be taken from 3D modelling 
software, and the density of the products (w). 

P V w= ⋅ . (3) 
The mass of the product bin after production consists of 
the mass of the empty bin (B), the mass of products, and 
the mass of non-product powder (N): 

N T B P= − − . (4) 
The non-product powder consists of the attached powder 
and the powder that may be used for recycling, so that 
mass of the powder for recycling (R) may be expressed as  

R N A= − . (5) 
The simplest models based on the measured or calculated 
masses are based on the assumptions that the attached 
powder is proportional to the mass of products: 

PA C P= ⋅ , (6) 
or to the mass of the mass of non-product powder 

NA C N= ⋅ . (7) 
The heuristic approach here consists in translation 

of the common-sense statement CS1:“the more products 
you have, the more powder will be attached” to the 
sentence H1:“the higher mass of products, the higher mass 
of the attached powder is”. The last sentence may be 
modelled by the differential equation: 

PdA C dP= ⋅ , (8) 
which has the solution (A – A0) = cP(P – P0). Since without 
products (P0 = 0) there is no attached powder (A0 = 0), the 
common-sense statement CS1 is modelled by the equation 
(6). The critical step here, which introduces the heuristic 
error, is actually heuristic translation of the sentence CS1 
to the sentence H1. While it is the true that addition of 
another product to a production process always leads to 
increase of the amount of the attached powder, it is not 
always true that a production bin with higher mass of 
products will have higher amount of the attached powder 
in comparison with a production bin with smaller mass of 
products. In other words, various production bins with the 
same mass of products may have very different amounts of 
the attached powder. Hollow products, such as lightweight 
structures, contain substantially higher amounts of the 
attached powder than compact products. 

A similar heuristics approach is applied to the 
derivation of the equation (7), where the common-sense 
statement CS2:“attached powder is a part of the non-
product powder” is translated to the sentence H2:“the 
higher mass of the non-product powder, the higher mass of 
the attached powder is”. The logical connection between 
the sentences is less obvious, and it has to be assessed 
from the aspect of comparison of two product bins that 
have similar products mass, but different non-product 
powder masses: in such a case, the higher non-product 
powder mass indicates larger volume of space within and 
between the products, which leads to higher amounts of 
the waste powder. 

The heuristic constants CP and CN should account 
for the influence of numerous remaining factors that affect 
the amount of the attached powder. The constants should 

be calculated using some exploitation data, and they may 
be applied for prediction of the attached powder if the 
other factors and exploitation conditions remain 
unchanged. 

2.2.  Relative mass method 
The absolute mass method explicitly assumes 

proportionality between the masses of products and the 
attached powder, implying “scalability” of the model, 
which means that the model does not make differences in 
the prediction of the attached powder between small and 
large product volumes. In reality, the boundaries of the 
product bin and boundaries of the other products affect the 
amount of the powder that remains attached to a product. 
Therefore, it is possible to assume that the part of a 
product bin occupied by the products may be a valid 
predictor of the mass of the attached powder. 

One way to estimate the part of a product bin 
occupied by the products is to calculate the ratio between 
the mass of the products and the total mass of the products 
and non-products, which is equal to the initial mass of 
powder (I) 

I P N= + . (9) 
The ratio 

p P I= (10) 
represents the relative mass of the products (p), and the 
ratio  

n N I=  (11) 
represents the relative mass of the products (n). Obviously, 
both p and n are positive and smaller than one, and it holds 

1p n+ = . (12) 
If, using the heuristic approach, the common-sense 

sentence CS3:”The more space occupied by products, the 
more attached powder will be” is translated to the sentence 
H3:”The higher relative mass of products, the higher 
relative mass of the attached powder”, then it may be 
modelled by the equation  

pa c p= ⋅ , (13) 
where a stands for the relative mass of the attached 
powder, 

a A I= , (14) 
which serves as the estimator of the amount of the attached 
powder in this method. 

By a similar heuristic approach the common-sense 
sentence CS4:”The more space occupied by non-product 
powder with the same space occupied by products, the 
more attached powder will be” is translated to the sentence 
H4:”The higher relative mass of products, the higher 
relative mass of the attached powder”, then it may be 
modelled by the equation  

na c n= ⋅ , (15) 
The heuristic constants cp and cn may be also 

determined from the exploitation data, and used for 
prediction in the similar exploitation conditions. 

2.3. Product-to-non-product ratio method 
The previous methods reveal that the common-

sense cases may be made both for the assertion that the 
mass of products increases the mass of the attached 
powder and the assertion that mass of non-products 
increases the mass of the attached powder. On the other 
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hand, considering one product bin, the increase of the 
mass of products means decrease of the mass of non-
products and vice versa, so it is clear that one of the 
masses may hardly be the “smart” predictor that is looked 
for. 

Another heuristic approach to the problem may be 
to characterize a production process (and a production bin) 
by the ratio between the mass of products and mass of 
non-product powder in the product bin (Π): 

/ /P N p nΠ = = . (16) 
The advantage of the approach is that it combines two 
input factors (masses of products and non-product powder) 
into a single predictor. The predictor is called the product-
to non-product ratio (abbreviated as PNPr) in this paper. 
The PNPr predictor may be connected to the characteristic 
arrangements that arise in practice: hollow and lightweight 
structures are characterized by small values of PNPr, and 
compact packaging of products are characterized by high 
values of PNPr. The problem with PNPr is that in both of 
its extreme cases (low and high values of PNPr) the 
amount of the attached powder is high, so it is clear that a 
simple linear dependence between the attached powder 
and PNPr may not be established. 

Using an analogy (that is also a heuristic technique) 
to the methods of absolute and relative masses, an 
estimator of the amount of the attached powder may be 
introduced 

/ /A P a pα = = , (17) 
which may be related to the PNPr. The indicator α will be 
called in this paper the attached-to-product ratio 
(abbreviated as APr). 

A heuristic approach applied in this method is more 
complex because the selected predictor is more complex. 
If the extreme cases of the lightweight structures and 
highly compact packaging are omitted, than the higher 
values of PNPr generally indicate products with smaller 
amounts of cavities and channels, therefore smaller 
amount of the powder attached to products of the same 
mass, which, in turn, means that the APr will decrease. 
Therefore, the previous reasoning may be expressed by the 
common-sense sentence CS5:“The products with less 
holes, cavities and channels have less attached powder”, 
which may be, using heuristics, translated into the 
sentence H5:“Increase of the PNPr leads to the decrease of 
the APr”. The sentence may be mathematically modelled 
in different ways, and here will be modelled by the 
equation: 

d dnα
α

Π
= − ⋅

Π
, (18) 

which means that the relative reduction of the attached 
powder is proportional to the relative increase of the 
attached powder. This model is selected because it was 
noted in the practice that, from the aspect of the amount of 
the attached powder, “more empty” production bins are 
more sensitive to addition of new products in comparison 
to “more full” production bins. The explanation is that a 
part of the powder that will be attached to a new product is 
in “more full” production bins already attached to other 
products. The solution of the equation (18) is 

PN
n

α
α =

Π
, (19) 

where αPN represents the APr of the production processes 
with product mass equal to the non-product powder mass 
(P = N), when Π = 1. As it was the case with the previous 
methods, the heuristic constants αPN and n should be 
determined using the existing exploitation data. 

3. DATA
The proposed heuristic approaches are tested by the 

estimation of the waste powder in the “3D Impulse” SLS 
facility of the Faculty of Mechanical and Civil 
Engineering in Kraljevo of University of Kragujevac. The 
facility uses EOS Formiga P100 machine, and the dataset 
under study were the results of 186 production processes 
performed for various purposes, predominantly for the 
rapid prototyping applications. The selected processes 
were performed with the PA2200 polyamide powder, 
using the process parameters recommended by the 
manufacturer of the machine. 

Figure 3: The masses of the products 
and the attached powder of the whole dataset 

The mass of the powder that remains in the 
production chamber was calculated using the equation (2), 
and the obtained result was C = 580 g. The weight of the 
empty product bin was measured to be B = (6450±5) g. 
The mass of the product bin after the production, the mass 
of the product bin after the removal of the parts with the 
attached powder, and the mass of the products were 
measured using an electronic stand with measurement 
error smaller than 5 g, and the obtained results were used 
for calculation of the non-product powder mass and the 
mass of the attached powder. 

The mass of the attached powder was less than 2 kg 
in 181 of the production processes, and the relative mass 
of the attached powder was less than 30% in the 182 of the 
production processes. The masses of the products and the 
attached powder of the whole dataset are shown in the 
Figure 3, with the indicated data points that represent the 
production processes that had mass of the attached powder 
higher than 2 kg. In the inset are written explanations 
about the products manufactured in the five indicated 
processes. In two of the cases (production processes with 
ID numbers 8 and 204) the manufactured products were 
freeform lightweight structures that were manufactured for 
education and promotion purposes. In the three remaining 
indicated cases (production processes with ID numbers 11, 
17 and 28), the manufactured products had the shapes that 
enabled compact arrangement of the products inside the 
product bin. An example of the compact arrangement of 
the manufactured products is given in the Figure 4, where 
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the products were containers with dimensions suitable for 
stacking. Therefore, all of the indicated cases did not 
satisfy the assumptions of the heuristic models, and they 
were excluded from further consideration. 

Figure 4: The arrangement of products in the product bin 
in a case of high mass of the attached powder due to the 

compact arrangement of products 

The distribution of the mass of the attached powder 
versus the products and non-product powder masses for 
the remaining 181 production processes is shown in the 
contour diagram shown in the Figure 5. 

Figure 5: Contour plot of the masses of the attached 
powder vs. products and non-product powder masses (top 

diagram) and vs. products and initial powder masses 
(bottom diagram) of the dataset 

Since the light colours in the used grey-scale 
scheme indicate higher amounts of the attached powder, 
the Figure 5 indicates that the lowest values of the attached 
powder mass occurs with small masses of products in 
small production volumes, while the largest masses of the 
attached powder are found in production processes with 
small masses of products and large masses of non-product 
powder. 

4. RESULTS
The presented data were tested against the models 

presented in the section “Models” of the paper. 

4.1. Absolute mass method 
Figure 6 shows the exploitation data (points) 

presented according to the absolute mass methods, using 

the products mass, in the top diagram, and non-product 
powder mass, in the bottom diagram. 

Figure 6: The results of the analysis of the exploitation 
data according to the absolute mass methods using the 

equation (6), at top, and (7), at bottom 
Even the visual inspection of the diagrams in the 

Figure 6 suggests that products mass cannot be a predictor 
of the attached powder mass. The conclusion is confirmed 
by the calculation of the correlation coefficients between 
the considered quantities: the correlation coefficient 
between the products mass and the attached powder mass 
(rAP) is not strong, rAP ≈ +0.41, indicating positive weak 
correlation between the products mass and the attached 
powder mass. That means that, while in many cases higher 
products mass appears along higher mass of the attached 
powder, there are still many cases when higher products 
mass appears along lower mass of the attached powder. 
Therefore, the translation of the CS1 to H1 is often 
incorrect, and calculation of the attached powder mass 
using the equation (6) is not justified. 

On the other hand, the correlation coefficient 
between the non-product powder mass and the attached 
powder mass (rAN) is substantially higher, rAN ≈ +0.69, 
indicating a stronger positive correlation between the 
products mass and the attached powder mass. That means 
that in a substantial number of cases higher non-product 
powder mass appears along higher mass of the attached 
powder, so there is evidential support for the CS2, and 
even, to some extent, to the translation of the CS2 to H2. 
By linear regression of the exploitation data to equation 
(7), the value CN = 0.135±0.005 is obtained, and the 
coefficient of determination (COD) of the regression is 
0.86.  
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4.2. Relative mass method 
Figure 7 shows the exploitation data (points) 

presented according to the relative mass methods, using 
the relative products mass, in the top diagram, and the 
relative non-product powder mass, in the bottom diagram. 

Figure 7: The results of the analysis of the exploitation 
data according to the absolute mass methods using the 
relative product mass (top), and relative non-product 

mass, (bottom) 
The visual inspection of the diagrams in the Figure 

7 clearly suggests that relative product mass, nor relative 
non-product mass, may be predictors of the relative 
attached powder mass. The conclusion is confirmed by the 
calculation of the correlation coefficients between the 
considered quantities. 

The correlation coefficient between the relative 
product mass and the relative attached powder mass (rap) 
is negative and small, rap ≈ -0.18, indicating a very weak 
negative correlation between the relative products mass 
and the relative attached powder mass. That means that 
higher relative product mass appears a bit more often with 
lower than with higher relative masses of the attached 
powder. 

Similar holds also for the correlation between the 
relative non-product mass and the relative attached powder 
mass, since the correlation coefficient (ran) is positive and 
small, ran ≈ +0.18, indicating a very weak positive 
correlation between the relative non-product mass and the 
relative attached powder mass. That means that higher 
relative non-product mass appears a bit more often with 
higher than with lower relative masses of the attached 
powder. 

 Therefore, the heuristic translations of both CS3 to 
H3 and CS4 to H4 are incorrect, so models proposed by 
the equations (13) and (14) are not valid. 

4.3. Product-to-non-product ratio method 
As it was explained in the section „Models“, the 

connection between the PNPr and the amount of the 
attached powder is complex, and it is illustrated in the 
Figure 8, which shows exploitation data in the attached-to-
the-non-product ratio vs. PNPr diagram (at top) and the 
relative product mass vs. PNPr diagram (at bottom). 

Figure 8: The exploitation data presented in the attached-
to-the-non-product ratio vs. PNPr diagram (at top) and 
the relative product mass vs. PNPr diagram (at bottom)  

The correlation between the attached-to-the-non-
product ratio and PNPr is very weak and negative, with the 
coefficient of correlation being r81 ≈ -0.17, and the 
correlation between the relative product mass and PNPr 
practically does not exist, with the coefficient of 
correlation being only r82 ≈ +0.06. 

Figure 9: The exploitation data presented in the log-log 
diagram of APr vs. PNPr ratio 

For the analysis of the product-to-non-product ratio 
method, the exploitation data are presented in the form of 
log-log diagram of APr vs. PNPr ratio in the Figure 9. The 
equation (19) may be re-written in the form 
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log log logPN nα α= − Π , (20) 
which shows that the heuristic model based on the PNPr 
predicts a linear form of the APr versus PNPr log-log 
diagram. 

The coefficient of correlation between the 
quantities shown in the Figure 9 is r9 = -0.86, which shows 
strong negative correlation between the two quantities, 
further supporting the heuristic translation of the CS5 to 
H5 and model represented by the equation (19). If the data 
in the APr versus PNPr log-log diagram are fitted to the 
equation (20), the values log αPN = (-0.87±0.05) and 
n = (0.93±0.05) are obtained, with the coefficient of 
determination (COD) close to 0.70. Therefore, the fitting 
procedure predicts that the αPN ≈ 0.135. 

5. ANALYSIS
The results presented in the section “Results” of the 

paper, and summarized in the Table 1, show that two of 
the proposed models may explain correlation between the 
mass of the attached powder and the masses of products 
and non-products. The first model is the absolute mass 
model that predicts the attached mass on the basis of the 
mass of non-product powder using the equation (7) with 
value CN = 0.135. The second model is the PNPr model 
that predicts the APr on the basis of the PNPr using the 
equation (19) with values αPN = 0.135 and n = 0.93. 

Table 1: Correlation between the predictors and 
estimators 

Heuristic 
predictor 

Attached powder 
estimator 

Correlation 
coefficient 

Product mass Attached mass +0.41
Non-product mass Attached mass +0.69
Rel. product mass Rel. attached -0.18
Rel. non-product Rel. attached +0.18
Product-to-non-

product ratio Rel. attached -0.17

Product-to-non-
product ratio 

Attached-to-non-
product +0.06

Logarithm of 
product-to-non-

product ratio 

Logarithm of 
attached-to-non-

product ratio 
-0.84

It may be shown that the PNPr model reduces to the 
absolute mass model if it is assumed that n ≈ 1. Actually, 
the identity αPN = CN holds because of the definitions of 
the two quantities 

( )

( ) ( )
( ) ( )PN N

P N

A A P N A P N C
P P P N N P N

α
=

= = = = = =  = = 
, (21) 

and if it is assumed the n ≈ 1, then 
PN PN N

Nn

CA A C N
PP
N

α α
α = = ⇒ = ⇒ = ⋅

ΠΠ
. (22) 

With the aim to estimate the difference between the 
two methods, the amounts of the attached powder 
predicted by the two methods are calculated using the 
equation (7) and the equation 

n

N
NA C P
P

 =  
 

, (23) 

which may be derived from the equations (19) and (21). 
The obtained results are used to calculate two measures of 
the quality of prediction: 

• the prediction of the amount of the attached powder in
subsets of the initial dataset; the total amount of the
attached powder is essentially the business relevant
quantity, because it measures the overall quality of
predictions;

• the average relative error of the prediction over the
whole dataset, which measures the quality of
individual predictions;

The results of the calculations are shown in the Table 2, 
and they show that the absolute mass method has better 
prediction of the overall waste.  

Table 2: Relative error of prediction of the attached 
powder in the subsets of the dataset 

Subset 
boundaries 

Absolute mass 
method PNPr method 

1-30 18% 32% 
31-60 19% 6% 
61-90 2% 7% 
91-120 6% 15% 

121-150 4% 16% 
151-181 10% 6% 
Average 10% 14% 

The average relative error of the individual 
predictions is 53% for of the absolute mass method, and 
46% for the PNPr method. 

Figure 10: The distribution of errors of the absolute mass 
method (top) and the PNPr method (bottom) 

The explanation for the apparent discrepancy in the 
estimation of the quality of the methods (although the 
PNPr method has better predictions for individual 
production processes, the absolute mass method has better 
overall prediction) is that the PNPr method mainly 
underestimates the amount of the attached powder, while 
the absolute mass method has better balance between the 
overestimation and underestimation of the estimated 
quantity. The distribution of errors of the absolute mass 
method and the PNPr method are presented in the 
Figure 10, which illustrates the much larger asymmetry of 

D.43



Proceedings of IX International Conference “Heavy Machinery- HM 2017”, Zlatibor, 28 June – 1 July 2017 
 

Z.Šoškić, S.Montanari, G.L.Monti, M.Monti 

the predictions of the PNPr method in the relative error 
range (-0.5, 0.5), where the majority of the errors belong. 

6. CONCLUSION 
The paper presented a study of possibilities to 

develop simple methods for estimation of the amount of 
powder that remains attached to products after 
manufacturing by SLS technology. The study analysed the 
data about 181 manufacturing process obtained during 
exploitation of the EOS Formiga P100 machine using the 
PA2200 powder in “3D Impulse” laboratory of the Faculty 
of Mechanical and Civil Engineering in Kraljevo. 

Three groups of methods for prediction of the mass 
of the attached powder were developed. Using a heuristic 
approach “one characteristic of the production process 
may be sufficient to roughly estimate the mass of the 
attached powder”, each of the methods uses just one 
predictor quantity that is calculated on the basis of masses 
of products and the non-product powder in a production 
process. On the basis of a heuristic reasoning, which used 
come common-sense statements about the selected 
predictors, for each of the methods were developed 
mathematical models for prediction of the mass of the 
attached powder. 

The models were tested against the exploitation 
data, and the results show that only two methods: 
• an absolute mass method model, based on the 

proportionality of the non-product powder mass, as 
predictor, and the mass of the attached powder, as 
estimator, expressed by equation (7), and 

• a PNPr method model, based on ratio between the 
masses of the products and non-product powder, as 
predictor, and the ratio between the attached powder 
and the product mass, as the estimator, expressed by 
the equation (19), 

show significant correlation between respective predictor 
and estimator. The absolute mass method is simpler and 
has better prediction of the overall mass of the attached 
powder, but the PNPr has slightly better predictions of the 
mass of the attached powder of the individual production 
processes. 

Due to the large errors of estimations of both 
methods, the conclusion of the research is that the heuristic 
approach to the calculation of the waste powder in SLS 
processes may be used in commercial purposes for 
long-term estimations of the waste powder, using the 
method described by the equations (1), (2) and (7). In the 
case of the PA2200 powder and EOS Formiga P100 
machine, the long-term estimation of the waste powder of 
a production process is obtained by summing the fixed 
part of the waste powder, with mass 580 g, with the 
variable part of the waste powder, which is, with long-
term accuracy of the order of 10%, estimated as 13.5% of 
the mass of the non-product powder of a production 
process. 

Further research will be oriented toward extension 
of the analysis to wider set of input quantities, such as the 
surface of the products and the volumes occupied by 
products and non-product powder. 
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Hard facing represents the process of applying additional material on a certain surface with the aim of achieving 
the desired characteristics or dimensions of a machinery part which is being regenerated. Today more than 50 per cent of 
worn out machinery parts is regenerated by hard facing. The applied material makes a whole with the basic material and is 
attached to it closely and reliably. This paper contains characteristic examples of damaged vital machinery parts which 
were successfully regenerated by hard facing, thus making the process most economical. 

Keywords: machinery part, regeneration, reparatory hard facing 

1. INTRODUCTION
Regeneration of damaged machinery elements has a 

lot of advantages which account for its increasing 
application in industrial practice of most countries some of 
them are listed below [1]: 

• More and more complex machinery parts are being
exploited in all industrial branches, which creates
the need of providing a great number of spare parts
necessary for their maintenance. When it is
impossible to provide new spare parts or to meet the
delivery deadline, regeneration of damaged
machinery parts considerably shortens the time
which a failed machinery system spends in
stoppage. It takes up to ten times more time to
supply new parts than to regenerate the old ones.

• Regeneration completely eliminates great expenses
of storaging spare parts, which are sometimes up to
30 per cent of the price of a new part. Regeneration
enables rapid overhaul of a machinery system
without unnecessary storage of spare parts.

• The time necessary for regeneration is often
considerably shorter than that needed for
manufacturing new spare parts, which shortens the
time necessary for overhaul and decreases the losses
in the production cycle of the machinery system
which has been subjected to overhaul.

• Refinement of surfaces at regeneration can
considerably prolong the life-span of the
regenerated machinery part which can be longer
than that of the new spare part.

• There have been cases when the life-span of the
regenerated parts was considerably longer than that

of the new, serially manufactured machinery parts, 
sometimes even 2-2.5 times longer.  

• The cost of regeneration is considerably lower than
that of the new machinery part, while the quality
and life-span are similar.

• Regeneration accomplishes full employment of the
capacities and technological possibilities of
overhaul enterprises.
However, the predominant factors for introduction

regeneration are completely different in industrially 
developed and undeveloped countries. In industrially 
undeveloped and underdeveloped countries great 
advantage is given to regeneration of damaged machinery 
elements due to their inability to invest largely in 
providing new equipment and spare parts by import. The 
spare parts for the outdated machinery systems, which are 
still in use in these countries, are not manufactured any 
more. Regeneration of the damaged parts of these systems 
enables their further exploitation. The high prices of the 
spare parts demand that the technical services in 
underdeveloped and undeveloped countries give advantage 
to regeneration of damaged machinery elements.  

Taking into account the limited resources of certain 
chemical elements, which have enormous importance in 
mechanical engineering, regeneration of damaged 
machinery elements is given an important place in industry 
of many technologically developed countries. This 
especially applies to Ni, Co, Cr, W, Va, Mn, Mo and other 
chemical elements. Even superfluous analyses show great 
losses when a worn part of steel alloy is discarded and 
substituted by a new one. These parts retrieve the 
demanded exploitational characteristic by application of 
regenerative methods [2]. 
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Economical effectiveness of regenerating 
machinery elements is accounted for by considerably 
lower losses in work and material than at manufacturing 
new spare parts. From the aspect of economy, not all 
machinery parts are suitable for regeneration. 
Purposefulness of regeneration must be appreciated for 
each machinery part individually. 

The modern regenerative methods must provide the 
fastest, cheapest and most reliable possible regeneration of 
exploitational characteristics of mechanical, 
hydrodynamic, pneumatical, electronic and other parts. 
Correctly organized regeneration of damaged machinery 
parts decreases the costs of providing and storaging spare 
parts, employs the production capacities of overhaul and 
other enterprises, reduces the cost of overhaul of 
machinery systems and fastens their return in exploitation, 
i. e. shortens the period of stoppage. 

There is a great number of regeneration methods 
which are more or less practically applied. The most often 
used method is hard facing (manual arc hard facing before 
all), then overhaul measures, metallization and chromium 
plating. But, other methods as well have their fields of 
application in specific conditions when the most often 
applied methods do not give adequate results [3]. 

 

2. REPARATORY HARD FACING 
Of all regeneration methods known today hard 

facing is the one which is the most often used. Greater 
number of advantages in comparison with the other 
regenerative methods accounts for the fact that this is the 
most often applied regeneration method [2]: 

• Hard facing procedures allow obtaining a new layer 
of metal on the worn machinery part quickly. 

• The hard faced layer can be of considerable 
thickness if necessary, which is especially important 
at worn machinery parts. 

• This method of regeneration is often very 
economical. 

• The hard faced surfaces have proved very reliable 
in exploitation. 

• The process of hard facing can be highly 
productive. 

• This regenerative method is relatively simple form 
the aspect of organization. 

• Hard facing allows the possibility of changing 
chemical, physical, mechanical and metallurgical 
characteristics of the working surfaces of the 
regenerated machinery parts in relation to the basic 
material. 

• Hard faced layers can have good antifrictional 
properties, they are resistant to wear, acids, high 
temperatures etc. 

• It can be applied for regeneration of parts 
manufactured of various materials and with 
different types of damage. 

• Hard facing with hard electrodes is a technological 
procedure which is most often more expensive than 
usual procedures of heat and chemical treatment 
(such as quenching, cementation, nitrate plating and 
others), but the working life of the hard faced parts 

is several times longer, i. e. the hard faced working 
surfaces are stronger. 

• For performing hard facing procedures simple and 
cheap equipment will suffice. 

• Hard facing is also applied for regeneration of the 
most vital and complex machinery parts (gears, 
shafts, and other). 

• Machinery parts regenerated by hard facing are 
several times cheaper than new ones with the same 
or better characteristics of working capacity. 

• A great number of procedures for regenerating 
machinery parts by hard facing has been developed. 
Due to everything above mentioned hard facing 

represents the most efficient way of regenerating damaged 
machinery elements. 

Besides numerous advantages, regeneration of 
machinery elements by hard facing also has some 
disadvantages: 

• The change in structure of materials due to great 
local warming. 

• The occurrence of residual stresses and distortions, 
due to local heat input, which brings about 
deviation of geometrical measures, shapes and 
positions of the parts. 

• The occurrence of local stresses in the seam and 
deformation of the part. 

• The quality of the regenerated part depends largely 
on the applied technology, but also on the 
knowledge and carefulness of the task performer-a 
welder. 
The electrodes used for hard facing are either the 

same as the ones used for welding or special electrodes for 
hard facing. The types of electrodes, wires and welding 
fluxes are chosen regarding the demands which a hard 
faced layer of material should meet. In order to make the 
working requirements accomplishable and the whole 
procedure technically and economically justified, it is 
necessary to choose the additional material and hard facing 
procedure correctly, taking into account the shape and 
chemical composition of the part. 

Technological process of regeneration by hard 
facing is almost the same as in all methods of applying 
layers and consists of the following [3]: 

• Washing and cleaning the parts which are to be 
regenerated, 

• Hard facing process itself, 
• Removal of the slag machine processing after hard 

facing, 
• Eventual heat treatment and 
• Final grinding. 

The regime of hard facing of worn surfaces is 
determined by the following sequence of procedures: the 
thickness of the hard faced layer is determined first, then 
the type and diameter of the electrode is chosen regarding 
the demanded hardness and thickness of the hard faced 
layer, after which the optional parameters of hard facing 
are determined [4]. 

The hard faced surface is mostly rough, and 
therefore subsequent machine processing is imminent. The 
hard faced layers of the highest surface quality are 
obtained TIG by hard facing with the padded electrodes 
(MMA procedure). The hard faced surfaces of elements 
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the hardness of which goes up to HRC 45 can be subjected 
to machine processing by the tools with the plates of hard 
metals and grinding, and the surfaces of greater hardness 
only to preceding and final grinding. 

 

3. THE EXAMPLES OF MACHINERY PARTS 
SUCCESSFULLY REGENERATED BY REPARATORY 

HARD FACING 
There are numerous examples of the damaged 

machinery parts which have been successfully regenerated 
by reparatory hard facing. Some of them are listed below 
and they show the obvious economical justification of 
reparatory hard facing: 

 
1. The camshaft of the  motorcycle HONDA 
Damage: All teeth on the gear worn. 
 

 
Figure 1: The damaged camshaft (the worn teeth of the 

gear in the middle) 
  
Regeneration method: MMA hard facing of the 

whole toothed wreath with additional material (AM) 
EVB2 Cr Mo followed by manufacturing the teeth on the 
milling machine. Hard facing is performed longitudinally 
and crosswise in order to avoid distortion of the shaft. 
Cooling process must be gradual with careful prompting.  

 

 
Figure 2: The appearance of the regenerated camshaft 

before machine processing 
 
2. The gear of a milling machine 
Damage: Considerable abrasive wear in one sector 

of the gear. 
 

 
Figure 3: The damaged gear of the milling machine 

 
Regeneration method: MMA hard facing with AM 

UNIS 65 (the first layer) and UNIS 670 (the surface layer) 
with subsequent processing by Pfanter procedure. The 
surface hardness of the teeth is 58±2 HRC. 
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Figure 4: The appearance of the regenerated gear of the 

milling machine 
 
3. The gear of the machine used for grinding 

stone in cement production 
The gear has 1800 mm in diameter. The material: 

grey cast iron. 
Damage: The breakdown damage of the teeth 

created by falling into the coupling of an alien body. 
 

 
Figure 5: The damaged gear of the machine used for 

grinding stone in cement  production 
 

Regeneration method:  MMA   hard facing with a 
cast iron electrode (HRC<40)  and subsequent processing 
on a milling machine. 

  

 
Figure 6: The appearance of the regenerated gear of the 

machine for grinding stone in cement production 
 

4. The two-part gear of the paper processing 
machine 

Damage: The damage on the working surfaces of 
the several teeth due to mistakes during casting. 

Regeneration method: MMA hard facing with a 
cast iron electrode  (the manufacturer  Jasenice). The 
assembled gear is processed on the milling machine (the 
two parts joined together). 

 

 
Figure 7: The appearance of the regenerated gear 
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5. The crankshaft of the motor ARAN 
Damage: Worn wedge grooves. 
 

 
Figure 8: The damaged crankshaft of the motor  ARAN 

 
Regeneration method: MMA   hard facing of the 

grooves and processing on the lathe and milling machine. 
 

 
Figure 9: The appearance of the regenerated crankshaft of 

the motor ARAN 
 
6. The crankshaft of the motor VOLKSWAGEN 
Damage: Excessive wear of a journal. 
Regeneration method: hard facing by TIG 

procedure  (longitudinally and with a turn). Prompting 
must be taken care of  in order to avoid distortions at 
cooling. 

 

 

 
Figure 10: The appearance of the regenerated crankshaft 

of the motor VOLKSVAGEN (the hard faced journal is 
zoomed) 
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7. The crankshaft of the motor  

VOLKSWAGEN-GOLF 
Damage: A worn seat on the journal. 
Regeneration method: Hard facing by TIG 

procedure. Hard facing is to be performed in one layer 
with interruptions in order to avoid excessive warming and 
distortions. 

 

 
Figure 11: The appearance of the regenerated crankshaft 
of the motor VOLKSWAGEN-GOLF (the hard faced seat 

is zoomed) 
 

4. CONCLUSION 

Hard facing procedures have become widely 
applied in corrective maintenance of machinery systems 
because of their effectiveness. Due to its increasing 
application, hard facing has grown into a separate branch 
of welding technique although the same procedures and 
instruments are used for their performing. However, hard  
facing is not only one of the most often used regeneration 
technologies, but it is also a modern technological 
procedure which allows obtaining new parts with the 
required mechanical characteristics, applying anticorrosive 
covering (platinum plating, explosion plating) and 
additional processing of the new parts with a flaw. 
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In this paper presented the analysis of free oscillation of 3D frames applying approach continually distributed mass 
replacement consistent masses. The setting of the theoretical problem is numerically implemented in the example 3D frame. 
The theoretical results are verified simulation by Autodesk Inventor software.       
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1. INTRODUCTION

In structural engineering has great importance to 
the problem oscillation. Modal analysis of conceptual 
designs of structural design is the first and most essential 
element of dynamic analysis for estimation of their 
dynamic stability. The process of determining the 
eigenvalues in complex systems (systems with a large 
number of degrees of freedom) is the most expensive 
phase in the dynamic analysis [1].        

Earlier studies determining the natural frequencies 
of complex structures have been based on the use of 
approximate expressions and methods [2].  Some 
examples of the approximate methods are shown in [3]. 
Accurate determination of natural frequencies was limited 
to simple structures (simple beams and brackets). In 
complex elastic bodies for a solution frequency equation 
was difficult because it contained trigonometric and 
hyperbolic functions. Today, mathematical software 
enables routine solving of complex oscillation frequency 
equations of elastic bodies. Accurate determination of 
natural frequencies is important in optimizing the 
structures.        

However, applying analytical methods at complex 
structures is limited.  In this case, for the determination of 
natural frequencies by the structures we opt for one of the 
numerical methods. The main advantage of numerical 
methods is that they very complex structures can be 
viewed as a reduced model, whose analysis the aspect of 
engineering accuracy is sufficient to evaluate the behavior 
of complex structures. 

3D frames in realyti are complex structures with 
continuously distributed mass. In other words, spatilal 
frames are systems with infinite number of freedom. 
Continually distributed masses of frames is replaced by 
consistent mass or consistent mass. In [4] shown that a 
approximation by consistent masses better than 
approximation direct lumped mass.        

In this paper discusses the free oscillations of 3D 
frame. Pursuant to the aforesaid, the modal analysis 
discussed 3D frame is conducted numerically. The is 
represented by finite element approach to frequency 
analysis, ie the mathematical model with the consistent 
masses. The theoretical results of numerical analyzes are 
verified applying the simulation software (Autodesk® 
Inventor®).        

2. ANALYSIS OF 3D BEAM ELEMENT
Spatial frame is presented via 3D beam finite

elements with two nodal points. In the generale case (finite 
element of the type ik), node have six degrees of freedom 
(Figure 1).   

Figure 1: Nodal displacements 
Vector of generalized displacements and vector of 

generalized forces of 3D of beam element read:     
{ }T

i i i i i i k k k k k ku v w u v wθ ϕ ψ θ ϕ ψq = (1) 

{ }T
i yi zi xi yi zi k yi zi k yk zkN T T M M M N T T N T TR =  (2) 

For both sides restrain beam element of constant 
cross-section vector interpolation function read [5]:      
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where ξ=x/l. 
The 3D rotation beam element in the generale case 

(complex rotation) is shows at Figure 2. Detailed analysis 
of complex 3D rotation beam element in the generale case 
is given in [5].      
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Figure 2: 3D rotation of the beam  element in generale case 
The transformation matrix of vector t is equal to (Figure 2): 
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t  (4) 

The transformation matrix element read: 
 
 
 
 
 
 

t 0 0 0
0 t 0 0

T =
0 0 t 0
0 0 0 t

(5) 

2.1. Stiffness matrix of the 3D beam element 
In determining the stiffness matrix of the starting 

from the connection between the vector of generalized 
forces  F and the vector of generalized displacements q: 

=F kq  (6) 
The corresponding stiffness matrix of the line 

element is defined based on interpolation functions (3):  
T

V

E dV= ∫k N N (7) 

The stiffness matrix elements can be determined by 
applying the principle of superposition, the separation of 
the spatial state of stress in the elements:  

• Axial strain,
• Bending about z axis in the plane xy,
• Bending about y axis in the plane xz, and
• Rotating about x axis (torsion).
Now, the relationship between the vector of

generalized forces  F and the vector displacements q can 
be presented in the form of:   

a a a

sz sz sz

sy sy sy

t t t

     
     
    =                

F k 0 0 0 q
F 0 k 0 0 q
F 0 0 k 0 q
F 0 0 0 k q

 (8) 

where: 
• ka – stiffnes matrix of axial oscillation

 of the element, 
• ksz - stiffnes matrix of transverse oscillation of the

 element in the plane xz, 
• ksy - stiffnes matrix of transverse oscillation of the

 element in the plane xy, and 

• kt - stiffnes matrix of torsional oscillation of the
 element. 

The stiffness matrix of the axial oscillation of the 
beam finite element of the type ik in the local coordinate 
system, on the basis of expressions (3) and (7), read:  

1 1
1 1a

EA
l

− 
=  − 

k (9) 

The stiffness matrices of the transverse oscillation 
in the plane xy of the beam finite element of the type ik in 
the local coordinate system, on the basis of expressions (3) 
and (7), read:  

2 2 3
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2 2
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l l
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− 

k (10) 

The stiffness matrices of the transverse oscillation 
in the plane xz of the beam finite element of the type ik in 
the local coordinate system, on the basis of expressions (3) 
and (7), read: 

32 2

3

2 2

12 6 12 6
6 4 6 2
12 6 12 6
6 2 6 4

y
sy

l l
EIl l l l

l l l
l l l l

− − 
 
 =
 −
 
− 

k (11) 

The stiffness matrix of the torsion oscillation of the 
beam finite element of the type ik in the local coordinate 
system, on the basis of expressions (3) and (7), read: 

1 1
1 1

x
t

GI
l

− 
=  − 

k (12) 

The stiffness matrix of the 3D (spatial) beam 
element is formed from the partial matrix to the stiffness, 
ka, ksz, ksy and kt, so their components are distributed in 
the appropriate position according to the appropriate 
sequence of generalized displacements and the generalized 
forces:   
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2.2. Mass matrix of the 3D beam element 
In determining the stiffness matrix of the starting 

from the connection between the vector of generalized 
inertial forces Fin and the vector of generalized 
accelerations q : 

in =F kq (14) 
The corresponding mass matrix of the line element 

is defined based on interpolation functions (3):       
T

V

dVρ= ∫m N N (15) 

The mass matrix elements can be determined by 
applying the principle of superposition, the separation of 
the spatial state of stress in the elements: 

• Axial strain,
• Bending about z axis in the plane xy,
• Bending about y axis in the plane xz, and
• Rotating about x axis (torsion).
Now, the relationship between the vector of

generalized inertial forces Fin and the vector accelerations 
q  can be presented in the form of:  

in
a aa

in
sz szsz

in
sy sysy

in
t tt

     
     
    =               

m 0 0 0 qF
0 m 0 0 qF
0 0 m 0 qF
0 0 0 m qF









 (16) 

where: 
• ma – mass matrix of axial oscillation of the

 element, 
• msz - mass matrix of transverse oscillation of  the

 element in the plane xz, 
• msy - mass matrix of transverse oscillation of the

 element in the plane xy, and 
• mt - mass matrix of torsional oscillation of the

 element. 
The consistent mass matrix of the axial oscillation 

of the beam finite element (type ik) in the local coordinate 
system, on the basis of Eqs. (3) and (15), read: 

2 1
1 2 6a

Alρ 
=  
 

m (17) 

The consistent mass matrices of the transverse 
oscillation of the beam finite element (type ik) in the local 
coordinate system, on the basis of Eqs. (3) and (15), read:  

2 2

2 2
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 − − − =
 −
 

− 

m (19) 

The consistent mass matrix of the torsion 
oscillation of the beam finite element (type ik) in the local 
coordinate system, on the basis of Eqs. (3) and (15), read:  

2 1
1 2 6t

ALρ 
=  
 

m (20) 

The consistent mass matrix in the space of the 
beam element is formed from the partial matrix to the 
stiffness, ma, msz, msy and mt, so their components are 
distributed in the appropriate position according to the 
appropriate sequence of generalized accelerations and the 
generalized inertial forces:     
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3. ANALYSIS OF THE  SYSTEM
A paper should contain title, names and affiliations 

of authors, abstract, list of keywords, paper body, 
acknowledgement and references. 

3.1. Stiffness matrix of the system 
Stiffness matrix of element n in the global 

coordinate system is equal to:   
T

n n n n=K T k T  (22) 
Stiffness matrix of the carrying structure: 

[ ] 1

n
nd d×

= = ∑K K K (23) 
where d number displacements. 

The stiffness matrix of the system in the direction 
of unknown displacements read:      

[ ]uu d k d k− × −
=K K  (24) 

where k number known displacements. 

3.2. Mass matrix of the system 
Mass matrix of element n in the global coordinate 

system is equal to:    
T

n n n n=M T m T (25) 
Mass matrix of the system read: 

[ ] 1

n
nd d×

= = ∑M M M (26) 
Mass matrix of the system in the direction of 

unknown displacements read:        
[ ] 1

n
uu nd k d k− × −
= = ∑M M M (27) 

4. ANALYSIS OF FREE OSCILATIONS OF THE
SYSTEM

The equation of the free undamped oscillation of
the system read: 

uu uu uu uuM U + K U = 0 (28) 
where: 

• uuU  - vector of unknown accelerations, and 
• uuU  - vector of unknown displacements. 

Eigenfrequencies of the carrying structure are 
obtained by solving algebraic equation:      

( )2det 0uu uuω− =K M (29) 

Based on the circular natural frequencies obtained 
by the oscillation periods via expression:      

2
i

i

T π
ω

=  (30)

Frequencies of the carrying structure are obtained 
based on expression:   

1
2

i
i

i

f
T

ω
π

= = (31) 

5. NUMERICAL EXAMPLE
By applying the methods of consistent mass in the 

numerical example is carried out frequency analysis 
specific 3D frame (Figure 3). The results are compared to 
the results obtained applying the program Autodesk® 
Inventor®.  

Figure 3: 3D frame 
5.1. Theoretical results obtained applying the 
method of consistent masses  
The finite model of the 3D frame is shown at 

Figure 4. 
The main mechanical characteristics of the 3D 

frame (Figure 3), i.e. of all finite elements of the formed 
FE model 3D frame (Figure 4) are equal:  

• Module of elasticity,  E=2.1×1011 [N⁄m2];
• Slipping module, G=0.8× 1011 [N⁄m2]; and
• Density, ρ=7850 [kg⁄m3].
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Figure 4: FE model 3D frame 
Based on theoretical assumptions in the subtitle 2 

and defined starting data in Mathematica® [6], was written 
computer code "RV-ModAnalysis" for calculating the 
oscillation period, circular frequencies, and the the 
frequency. Obtained are their value for all degrees of 
freedom (i= 54), but are in Table 1 shows the values for 
the first 6 modes of oscillation.        

Table 1: Periods, circular frequencies and frequencies 

Mode No Period 
T [s] 

Circular freq. 
ω [rad/s] 

Frequency  
f [Hz] 

1 0.1353 46.45 7.392 
2 0.0645 97.34 15.49 
3 0.0523 120.12 19.12 
4 0.0343 183.12 29.14 
5 0.0325 193.31 30.77 
6 0.0281 223.77 35.61 

5.2. Verification of the theoretical results of 
simulation by Autodesk® Inventor® software   
In order to verify the theoretical results, the 

software Autodesk Inventor is formed and solved finite 
element model of the 3D frame. The FE model of the 3D 
frame is shown in Figure 5.     

Figure 5: FE model 3D frame in Autodesk Inventor 
Presented finite element model is a 3D model. By 

implementation the modal analysis in Autodesk Inventor, 
obtained the values frequencies and main mode shapes of 
considered 3D frame.  

Table 2 shows the values of the first six frequency 
oscillating of 3D frame.    

Table 2: Periods and frequencies – Autodesk Inventor 

Mode No Frequency 
f [Hz] 

1 7.409 
2 15.48 
3 19.08 
4 28.98 
5 30.69 
6 35.55 

The first two modes oscillation of 3D frame are 
shown in Figure 6 and 7. 

Figure 6: 1st  mode shape 

Figure 7: 2nd  mode shape 
Table 3 shows the comparative results for the first 

six circular frequencies.   
Table 3: Frequencies – comparative results 

Mode No 

Frequency 
f [Hz] Difference 

Δ [%] Method of 
Consistent 

masses 

Simulation 
by Inventor 

software 
1 7.392 7.409 0.23 
2 15.49 15.48 0.06 
3 19.12 19.08 0.21 
4 29.14 28.98 0.55 
5 30.77 30.69 0.26 
6 35.61 35.55 0.17 

By comparing the values of frequencies obtained 
through the mathematical model with the finite element 
approach and in a purely numerical way (FEA software 
Autodesk Inventor), excellent coinciding between the 
results of the first frequency and the relative difference 
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Δ=0.23 [%] is noticed. Other frequencies coincide well, 
too. Thus, for example, for the next five frequencies the 
relative difference is up to 0.55 [%], which is very good 
for the 3D model.    

6. CONCLUSION
The problem of oscillation in the space is present in 

mechanical and civil engineering. 
In this paper discussed the frequency analysis of 3D 

frame. Has been applied approach to replace distributed 
mass consistently (equivalent) mass. In adopted 
accordance with the approach was formed in finite-
element model considered spatial frame. To formed by the 
finite element model set is a mathematical formulation of 
free oscillations. On the theoretical basis presented in 
subtitles 2 and 3, the software package Mathematica 
written computer code for automated calculation of 
frequency and the oscillation period.   

 Validation of the theoretical results of frequency 
analysis applying the method of consistent masses was 
conducted simulation by software (Autodesk Inventor).  

It has been proved that applying the method of 
consistent masses divide of the beam elements into finite 
elements may be coarser than that of the applying software 
Autodesk Inventor.   
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Brake system in addition to a steering system actively intervenes to help defuse critical driving situations and 
prevent accidents from happening come under the heading of active safety. The braking system is expected to be a reliable 
and durable under normal operating conditions of the vehicle, but also in extreme conditions. For an understanding of the 
nature of any problem, it is necessary first to realize where the problem originates and to analyze the influential factors. 
The problems of braking process are characterized by their tribological nature. This paper presents the application of 
contemporary - alternative materials for making the brake discs for heavy duty vehicles. Analysis was carried in the ANSYS 
software and the results of the analysis are shown, and also a comparison is made with the conventional discs. The 
obtained results point to problems that require more effort to develop the MMS materials whose cost and friction 
characteristics bring advantages over conventional material. 

Keywords: Safety, Reliable, Steady, Alternative materials, MMS materials
1. INTRODUCTION 

All machines, assemblies and mechanisms consist, 
as a rule, of several basic movable machine elements [1]. 
There is relative motion of different surfaces in all these 
elements that are in direct or indirect contact. 

Friction is in most cases, undesirable phenomenon, 
but not in the brake system. The negative side of friction in 
any system is heat generated due friction. 

The main purpose of brakes is to stop or slow down 
the vehicle, by friction in the friction pair (brake disc and 
brake pads), and through contact between the tires and the 
road. They also need to adapt their effect to traffic 
conditions, and also to keep the vehicle in a steady 
state. The kinetic energy is transforming to heat that is 
generated on disc, and then is dissipated to environment 
[2]. The braking power in case of emergency braking is far 
greater than the engine power. The distribution of braking 
forces on each wheal, or more accurate on the front and 
rear axle, is very important, and it is essential to prevent 
traffic accidents.  

Modern heavy duty vehicles are more and more 
equipped with disc brakes, and they use compressed air for 
transferring force to executive organs – brakes. 

Disc brakes have numerous advantages in respect 
to drum brakes. Of course, they also have some 
disadvantages, but in most cases, advantages outweigh the 
disadvantages. One of the biggest advantages is that disc 
brakes can generate and dissipate a large amount of heat 
into the atmosphere. Friction occurs only on the surface 
contact between brake disc and pads. For this reason, the 
entire disc is not all exposed to friction, but only one part 
of the disc. The mechanism behind this phenomenon is 
such that part of the disc that has been exposed to friction 
and generates the heat in the next moment is no longer 
subjected to friction, but rotates freely and is exposed only 
to air, which also serves to release the generated heat due 

to friction into the atmosphere.  In this case, the advantage 
of these brakes is more efficient cooling that makes them 
better then other types of brakes. So, they are very suitable 
for use in heavy duty vehicles, and all this allows that 
these brakes maintain their characteristics and to be more 
efficient [3].   

The brake discs are made of various kinds of high 
quality cast irons and rarely from steel. Cast irons 
are more suitable in respect to steel, because they are very 
easy for casting and for shaping in the desired form.  
Furthermore, they are easy for machining and have a 
high wear resistance. Surface contact that is achieved 
between cast iron and friction materials provides 
satisfactory friction coefficients, good properties at 
elevated temperatures; they are not deforming, and have 
very good thermal conductivity.  In addition to all of this, 
they have low price.  

Aluminum alloys have advanced application, due to 
the high strength, low density, durability, workability and 
availabilities. The composites of the aluminum metal 
matrix are combined with two or more additional 
ingredients, one of which is the matrix, while the other is 
the filler (reinforcing). Aluminum metal matrix may be a 
laminar, fibrous or in a particulate form. In general, the 
cast iron is used for the production of brake discs; however 
AMMC (Aluminum Metal Matrix Composite) is selected 
for several reasons in respect to the cast iron. The main 
purpose of the discs is to slow down or stop the vehicle or 
to maintain a constant speed, or to keep the vehicle 
stationary. Properties of these discs are defined by a 
suitable hardness, chemical composition, ultimate tensile 
strength and other necessary characteristics depending on 
the intended application. When preparing or mixing during 
the casting of the metal matrix with the composite, one 
must pay attention to the following factors: 
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• it is necessary to achieve a uniform distribution of 
the reinforcing material; 

• it is necessary to achieve a good lubrication 
between the two main substances, and 

• it is necessary to reduce porosity in the casting. 
Aluminum alloys are increasingly used in the 

automotive industry, for reasons of achieving a weight 
reduction of vehicle and fuel consumption. It can be said 
that fuel consumption has a direct impact on carbon 
emissions. Application of composite materials has the 
potential to improve the braking performance thanks to its 
attractive properties compared to cast iron. 

Joshi et al. [4] is performed a comparison of discs 
made of cast iron and MMC. Wear in case of cast iron 
increases with increasing load and sliding speed, while the 
friction coefficient is constant, but wear of the friction 
material is slightly higher compared with a cast iron. In the 
case of the MMC, this is not the case. Load and sliding 
speed have less influence on the wear. Brake pads have a 
higher degree of wear when the disc is made of the MMC, 
so it is necessary to develop new friction materials. The 
friction forces between the friction material and the MMS 
is 20% higher than in the case when the same friction 
material was in contact with the cast iron so that it directly 
affects the braking performance. 

The main objective of Alnaqi et al. [5] was to 
replace conventional cast iron discs with discs made of 
aluminum alloys that are lighter. The main challenge is 
that costs are not high as well as to satisfy the basic 
requirements of modern vehicles. The influence of 
different parameters depending on the temperature is 
analyzed. The disc is made of wrought aluminum alloy 
coated with alumina in order to strengthen it. An alumina 
(dehydrated alumina) is coated using the plasma 
electrolytic oxidation process. The research showed that 
surface temperature of the disc reached 500ºC, without any 
damage to the disc brake, except that the friction 
coefficient is decreased due to fade. In extreme brake 
conditions, the temperature of brake disc reached 550°C 
and at this temperature the disc was disintegrated. Authors 
came to the conclusion that it is not necessary to coat the 
entire disc because in this way, the heat disipation from 
the disc to the environment is reduced; it is enough to coat 
the contact surfaces. It is also analyzed the effects of the 
coating thickness; which is the best, and they come to the 
conclusion that the optimum thickness is 30 µm, while the 
total disc thickness is 12.24 mm. This design of the disc 
could sustain two different and very extreme braking, if 
the vehicle’s mass was 1400 kg. 

During the studies that have been carried out by 
Adebisi et al. [6], the brake disc was made by the stir 
casting process. Weight of the disc in comparasion with 
conventional discs is reduced for 50%. Compared to cast 
iron discs, the rate of heat dissipation into the environment 
has increased for 25% for pressure within the range of 1.5 
- 2 MPa. In such conditions, there is no excessive heating, 
which negatively affects the braking process. Furthermore, 
the results obtained by numerical analysis have a good 
agreement with the experiment results. In the end, it was 
concluded that the cast iron disc can be replaced by 
alternative materials, and in addition they are very 
profitable. 

Kumar et al. [7] have compared AlHMMC (Hybrid 
Aluminum Metal Matrix Composite) with Al6061. Hybrid 
alloy has a higher hardness compared to Al6061 for 45%. 
With a longer sliding distance, the wear resistance of 
AlHMMC is higher compared to AL6061 for 20-50%, 
depending on the effects of load and sliding speed. 
Ingredients that are added to the material during the 
manufacturing of the brake disc contribute to this. Stable 
mean friction coefficient is achieved for AlHMMC at a 
load of 20 N, sliding speed of 6.28 m/s and sliding 
distance of 2400 m, while for Al6061 can be achieved at 
40 N, 4.18 m/s and 2400 m. By optimizing the parameters, 
it has been shown that at 20 N; 2.06 m/s and 800 m, 
AlHMMC has a smaller specific wear rate compared to 
Al6061. It can be said that the wear rate in the first place 
most affected by the load, then sliding speeds and 
eventually sliding distance. Based on the observed wear 
rates for both materials, it has been shown that the sliding 
speed for Al6061 has an influence of 39.57% and 42.51% 
for AlHMMC. Applied load for AlHMMC has a greater 
influence compared to the sliding speed. 

The friction coefficient depends on the coating of 
the brake disc. The braking process is conducted on the 
dynamometer, and the values were in the range 0.28 - 
0.34, that is acceptable for modern braking systems [8]. 
The coated discs were highly resistant to elevated 
temperatures, and it was found that at a temperature of 
about 500ºC disc was not damaged. Disc made of 
aluminum alloy without the coating, as well as the disc of 
the MMC could not withstand such severe conditions. 
Furthermore, the experiment has shown that in the 
aluminum alloy coated, the surface was uniform and more 
resistant, unlike the aluminum metal matrix which was 
also coated. Discs of aluminum alloy coated had a very 
good performance. However, when reaching a temperature 
of 550°C it was disintegrated. 

Manufacturers of brake discs for various categories 
of vehicles offer different solutions regarding use the 
aluminum in brake disc manufacturing. The application of 
aluminum brake discs, that are one of the most important 
vehicle assemblies, is primarily intended to reduce the 
mass of the rotating parts that are responsible for braking 
distance. Vehicle weight also has influence on fuel 
consumption, which is one of the prominent demands that 
are placed in front of each vehicle. Fuel consumption has a 
direct impact on the emission of carbon oxides from the 
vehicle, and the fuel consumption is direct related to the 
vehicle mass. 

An example of the latest technologies in the field of 
braking is the American company Matrix, which not only 
made the motorcycle brakes, but brakes for NASA and 
also for the US Army Research Laboratory. Their patent 
is, in fact, a brake disc made from MMC that is still on 
pending. They are primarily focused on discs that are 
installed on the Harley-Davidson and Indian Motorcycles. 
The company claims that such a disc provides powerful 
performance and a good adjustment, and they are available 
for motorcycle manufacturers [9]. The brake disc of 
Matrix Company is shown in Figure 1. The price of such 
a disc is 399.00 dollars.  
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Figure 1: Matrix Company brake discs [10] 

Composite brake discs are the latest innovation in 
braking. They are very light because they are 
manufactured from aluminum metal matrix which in 
addition offers a lifetime warranty, but only in cases when 
used with the appropriate brake pads recommended by the 
manufacturer. Advantages of such brake discs on 
motorcycles are the following: 

• never corrode; 
• generate less dust in the braking process; 
• produce ten times less noise in the braking process, 

and 
• five times faster cooling compared to discs of cast 

iron to a temperature of 750ºC [10]. 
Tehter is a German company that manufactures 

brake discs and brake pads for road vehicles. The two-part 
brake discs of mentioned company consisting of a disc top 
hat (2) and friction ring (1), made of high carb cast iron, 
that are connected with rivets, are shown in Figure 2. The 
use of aluminum for disc brake head can decrease disc’s 
weight for 15-20%, thereby reducing the so-called not 
suspension mass of a brake disc [11]. Two-piece discs 
with reduced weight do not affect only on improving the 
driving properties, but also reduce emissions. They are 
available in a large number of models of BMW Company. 
The advantages of two-piece discs are reflected in the 
following: 

• Optimal driving properties by reducing a non 
suspension mass; 

• Fuel consumption reduction; 
• Quality improvement of the thermal conductivity, 

which leads to the reduced thermal stresses, and this 
reduces oscillations of a brake disc; 

• Greater resistance on load that occurs during the 
braking process, thanks to the optimization of brakes 
dynamic; 

• Better visual appearance of the disc; 
• Resistance to corrosion; 
• Lower noise level during braking process and 
• Less time needed during the production of discs, 

thanks to the application of screws. 

 
Figure 2: Two-piece brake discs1-friction ring, 2-top hat [11] 

Also, two-piece discs are used on trucks. One such 
brake disc made in Hendrickson Company is shown in 
Figure 3. These discs are also offered in the catalogs of 
other manufacturers such as Wabco and Knorr/Bendix 
[12]. The same as in the case of passenger vehicle brakes, 
trucks brake disc cover is made of aluminum, while the 
friction ring is made of cast iron (Figure 3). The reason for 
this is to reduce the non suspended mass [13, 14]. 

 
Figure 3: A two-part disc used on trucks [12] 

Application of alternative solutions is now present 
in trains, too. The brake discs made of aluminum, are 
reinforced, and as already mentioned reduce the brake 
system’s weight by 50% and also reduce the wear of the 
brake disc and the brake pads. It can be said that the wear 
of such a friction pair is much lower compared to the 
brake disc made of cast iron [15]. 

Depending on the speed the train can achieve, and 
also the transit type engaged (maximum permissible 
speed), a particular type of disc brakes is installed on 
trains, or more accurate disc brakes that are manufactured 
from specific materials, Figure 4. If one train can develop 
a speed greater than 400 km/h, allowed brake discs are 
discs made of ceramic or cast steel. If the train is moving 
at speeds up to 200 km/h, it does not need these discs, but 
can use discs made of aluminum or cast iron. Proper 
selection of the brake disc and the brake pads has a 
significant influence on the amount of costs and service 
life of such components [15]. 

 
Figure 4: Typical application areas for brake disc’s 

materials for rail vehicles [15] 

2. TRIBOLOGICAL STUDY OF BRAKES 
It is very difficult to perform an analysis of 

interaction between the disc and pads because of 
composition of brake pads, surface structure, and because 
of differences in mechanical properties of the brake pads’ 
materials [16]. These differences existing among the 
elements create a barrier to consistency and reproducibility 
of results. Microscopic research has largest application in 
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terms of the contact geometry, the surface composition 
and the mechanical characteristics of the contact zone. 

Overview of the dynamic contact that is made 
between the two contact surfaces, in this case, the disc and 
the brake pads, is very difficult to achieve, primarily 
because of type of two surfaces that are in contact. A 
particular problem is the fact that it is possible to see the 
topography of the area just before or after the braking 
process. Based on this, it is difficult to determine what 
happens during the contact, and we can only anticipate. 

Surface contact between the brake pads and the disc 
does not represent two ideal flat surfaces. It can be said, 
for each of them, to have a plateau, as protrusions and 
recesses and contact are achieved between these peaks of 
uneven surfaces. There are two types of contact plateaus: 
primary and secondary (see Figure 5). The primary contact 
plateau is the result of the hard fibers of the brake pads 
that have a lower tendency to wear. These contact plateaus 
formed a map of channels on the disc, and also influence 
on the appearance of secondary contact plateaus [16]. 
 Fibers scratch disc leaving channels behind, and the 
material removed from the disc in this way is collected on 
the brake pad. Through contact plateaus, the frictional 
force is achieved. All this has a great influence on the 
friction that is achieved between the contact surfaces. 

 
Figure 5: Systematic representation of contact plateaus 

[16] 

It is believed that the wear debris accumulation 
depends on the wear intensity, the distance between the 
disc and the brake pads, friction and the normal loads. The 
formation and growth of secondary contact plateaus can be 
started in one moment, but only in the case when there are 
favorable conditions for the formation [16]. Within a thin 
layer that is formed on the upper layer of the secondary 
plateaus, the tribofilm has of high density and strength. It 
can be said that tribofilm has hardness close to fibers used 
to produce brake pads, while the rest of the film, under the 
secondary plateaus, is much softer, and this is shown in 
Figure 6. 

 
Figure 6: SEM cross-section of secondary plateaus [16] 

 The lower surface between plateaus is more prone 
to the accumulation of wear debris, or more accurate these 
are parts of the brake pad consisted of binders, fillers and 
friction modifiers. This represents a paradox because the 
topography remains in a stable condition. Lower areas are 
never in direct contact, but the stable state of topography 
indicates that there is a wear. The occurrence of the wear 
can be explained by the existence of a direct contact with a 
third body, such as the wear derbies [16]. Wear due to 
wear derbies are much higher in the space between the 
brake pads and disc because they cannot "escape" from the 
contact zone and comes to grinding. These particles 
become smaller and smaller until they succeed to "escape" 
from the contact zone or become a part of the secondary 
plateaus.  

The study of contact surfaces i.e. the plateaus in 
contact showed that the extent of these irregularities 
depends on the brake pressure. At low brake pressures, the 
average size of plateaus that has been recorded is in the 
range of 50 to 500 µm, and represents 10-30% of the 
nominal area of the brake pads [16]. Under the high 
pressures and temperatures, the plateaus can reach the size 
up to one millimeter. 

3. NUMERICAL ANALISYS 

The performed analysis is dynamic analysis that 
depends on time. Analysis provided us with an answer 
regarding the behavior of structures depending on the time 
under load [17]. Analyzed assembly is shown in Figure 7.  

 
Figure 7: Air disc brakes for heavy duty commercial 

vehicle 
 However, as the subject of this paper is 
tribomechanic analysis of the system - the brake disc and 
brake pads, only they will be considered. The design of the 
considered assembly is shown in Figure 8.  

3.1. Defining material properties 
The mechanical properties of materials used for the 
analysis of the friction pairs are shown in Table 1. It is 
necessary first to define the material properties. This was 
done because the applied software provides properties of 
general-standard materials. For the specific case, it is 
necessary to define the properties of the applied material. 
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Figure 8: Ventilated disc brake and brake pads 

 

Table 1. Mechanical properties of materials of brake disc 
and pads [18] 

 Disc Pad 
Density [kg/m3] 2903 2595 
Young's modulus [GPa] 113 22 
Poison ratio [-] 0.24 0.25 
Friction coefficient [-] 0.3 – 0.35 

3.2. Model creating 
Various software packages, which have the main 

task to carry out the structural analysis of the parts and 
assemblies, are not suitable for the formation of complex 
models (CAD).  They have the possibility of modeling 
parts, but this design phase is significantly more 
complicated to perform, in contrast to the software which 
has the main purpose of creating parts, specifically refers 
to the applied software package. ANSYS enables import 
of parts models that have already been created in a 
software package specifically designed for modeling. 

3.3. Boundary conditions 
The materials used for this specific case allow the 

friction coefficient within the range of 0.3 to 0.35 at the 
pressure of 1 - 2 MPa [18]. Adopted value of the friction 
coefficient is 0.336, while the value of the pressure is 1 
MPa. 

After defining the contacts, it is necessary to define 
the finite element mesh. Disc and pads are shown in 
Figure 9, in the form of finite elements mash.  
 

 
Figure 9: Disc and brake pads represented as the finite 

element mesh 

 To achieve a credible analysis that accurately 
represents what is happening in exploitation of brakes, it is 

necessary to define the disc’s speed at the moment of 
contact with pads, and the intensity of force pads acting on 
the disc. Adopted value of pressure pads acting on the disc 
is 1 MPa. However, it is necessary to specify the load in 
the form of force. The force the pads acting on the disc is 
18340 N. The initial speed of the disc is 10 rad/s, which 
corresponds to the vehicle speed of 20 km/h. 

4. RESSULTS AND DISCUSION 
Obtained results in contact of the disc and both 

brake pads external and internal, are shown in Figures 10-
15. Analysis is performed for the disc that is made of 
MMC materials, while the friction material has the organic 
origins because it is only possible to achieve a required 
friction coefficient between these two materials. 

 
Figure 10: Contact frictional stress at the outside of the 

disc 

 
Figure 11: Contact frictional stress at the inside of the 

disc  

Frictional stress that occurs in the contact pair is 
represented in Figures 10 and 11. The definition of the 
frictional stress is the stress that occurs between the two 
elements which slide onto one another, with condition that 
their contact surface is defined by friction [19]. First, it can 
be concluded that the higher values are obtained on the 
inner contact pairs. Observing Figure 10, where the disc 
rotates in mathematically positive direction, it can be 
concluded that the highest values of the frictional stress 
occur in the first part. This is a consequence of the impact 
load. Furthermore, the same can applies to the inner 
contact. 
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Figure 12: Contact pressure at the outside of the disc 

 
Figure 13: Contact pressure at the inside of the disc 

Contact pressure that occurs at the inner and outer 
side of the disc, is shown in Figures 12 and 13. 
Furthermore, like in previous case, larger pressures are 
achieved at the inner side of the disc. 

 
Figure 14: Contact penetration at the outside of the disc 

Values of the contact penetration are shown in 
Figures 14 and 15. However, unlike the frictional stress 
and pressure, the greater penetration is achieved at the 
outside of the disc. The highest values of the penetration 
occur, the same as before, in places where the first contact 
occurs.  

 

 
Figure 15: Contact penetration at inside of the disc 

Most widely used materials for manufacturing 
brake discs are cast iron. It is very important to take into 
account the choice of materials used to produce brake 
pads. The reason for this lies in the fact that the required 
friction coefficient can not be achieved between any 
friction material and disc. The material properties for cast 
iron, as well as the friction material, which combines wiht 
the mentioned material is given in Table 2. 

Table 2: Material properties of the MMC brake disc and 
brake pads [20] 

 Disc Pad 
Density [kg/m3] 7250 1400 
Young's modulus [GPa] 138 1 
Poison ratio [-] 0.28 0.25 
Friction coefficient [-] 0.336 

Below is a comparison of the frictional stress, 
pressure and penetration that is realized whether it is 
MMC brake discs or discs made of cast iron. Analysis is 
carried out under the same exploitation conditions. 

 
Figure 16: Frictional stress that occurs on the inner and 

external contact surface depending on the material 
properties of the friction pair 

By observing the Figure 16, it can be noticed that 
the higher values of frictional stress are realized for discs 
made of MMC materials. The result of this is that the 
properties of materials used for the production of discs and 
brake pads. Comparing the properties of the material used 
for disc, as well as the materials used for the production of 
brake pads, it can be seen that they are different. First, the 
properties of the material used for disc made of MMC are 
observed, and it has smaller values for all properties 
compared to the cast iron. While the properties of material 
use for the brake pads that are combined with the MMC 
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disc, have greater density and Young's modulus of 
elasticity than the pads that go in combination with cast 
iron, while the Poisson's ratio is equal. 

 
Figure 17: Contact pressure that occurs on the inner and 

external contact surface depending on the material 
properties of the friction pair 

When it comes to the pressure, it is the same 
situation as with frictional stress (Figure 17). Higher 
values occur for discs made of MMC. 

 
Figure 18: Penetration that occurs on the inner and 
external contact surface depending on the material 

properties of the friction pair 

 At the end, a comparison of penetration values 
between discs that are made of MMC and cast iron is 
performed. Unlike the two previous analyses, higher 
values occur for the discs that are made of cast iron. This 
means that the higher wear occurs on discs made of cast 
iron, as shown in Figure 18. 

5. CONCLUSION 
Obtained results showed that the higher frictional 

stresses and pressures occur on the inner side of the disc. 
This directly affects the bending of the friction ring to the 
outside, so-called „umbrella effect“. Higher values of 
penetration are achieved on the outside of the disc. This is 
precisely the result of higher values of pressure and 
stresses that are obtained on the inner side of the friction 
ring. 

Furthermore, one more analysis that shows the 
comparison between discs made of MMC and of cast iron 
is performed. Obtained results show that greater pressures 
and stresses are obtained on discs that are made of MMC, 
while higher values of penetration occur on disc made of 
cast iron.    

For further research because the emphasis is placed 
on the alternative materials, it is necessary to modify the 
materials applied for the analysis. The result would be less 

value to be obtained for the pressure and stress. Achieved 
great stresses and pressures can have a major influence on 
fatigue and can result in catastrophic failure of the brake 
disc. Furthermore, performed a numerical analysis must be 
validating by the experiment. Of course, the goal of the 
research is to start applying MMC discs on the other 
classes of road vehicles, not just on motorcycles. 
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In practice, there are different types and designs of beam-to-column connections, which characterize the different 
racks manufacturers. In general classification and modelling of connections has been treated according to Eurocode 3. 
But, as it is impossible to develop a general analytical model for calculating of these connections, currently the only way to 
determine the properties of such connections is an experiment. In this paper are shown the test procedure and results of 
beam-to-column connections behavior according to the procedure defined in the FEM recommendations. In order to avoid 
a large number of expensive tests with aim to determine structural properties for different types of connection which in 
practice may be very much, in this paper are shown developed analytical procedure as well as numerical model which 
simulate the experiment. After verification of the numerical model to the available experimental results, it can be applied to 
various combinations of beam-to-column connections 

Keywords: Pallet racks, Moment-rotation curve, Stiffness, Beam-to-column connection, Finite element method

1. INTRODUCTION

Racking systems play a key role in achieving 
today’s manufacturing and distribution needs determined 
by competitive markets. When choosing storage 
equipment, an engineer is faced with a wide array of 
options. Racking systems ranging from the conventional 
selective/adjustable rack, double-deep selective rack, 
push-back, drive-in or drive-through rack, to live pallet 
storage and mobile storage system are the most common 
pallet storage configurations, [1].  

In this paper connections that are established 
between elements of the steel structure of conventional, 
i.e. selective pallet racks were analysed. In general
classification and modelling of connections has been
treated according to Eurocode 3. As it is impossible to
develop a general analytical model for calculating these
connections, currently the only way to determine the
properties of such connections is an experiment. In this
paper is analysed the test procedure and results of beam-
to-column connections according to the procedure defined
in the FEM recommendations in order to determine the
moment-rotation curve (M-Φ curve), [2]. Influence of
connections to the global structural racks behavior
introduced with M-Φ curve and its structural properties:
stiffness, bending strength and rotational capacity. In order
to avoid a large number of expensive tests with aim to
determine the M-Φ curves for different types of
connection which in practice may be very much, this paper
presented developed numerical model which simulate the
experiment using the finite element method. After
verification of the model to the available experimental
results, it can be applied to various combinations of beam-
to-column connections. Reliable determination of

structural properties of the connection using the developed 
model can be made a global analysis of the structural 
behavior and the calculation of elements according to the 
procedures defined in the FEM recommendations, too.  

The study on joint rigidity dates back to the 
beginning of the nineties both at experimental and 
analytical front. But the studies on joint for cold-formed 
steel particularly on pallet rack system are only few 
decade old. 

2. CONFIGURATION OF PALLET RACKING
SYSTEM 

A typical selective pallet rack configuration is 
shown in figure 1, [1]. The vertical frames and horizontal 
beams, usually made of thin-walled cold-formed profiles 
form a spatial frame structure of pallet racking system. 
Upright frames lie in the vertical plane, in the cross aisle 
direction, normal to the main aisle of the rack. They 
consist of two perforated uprights linked together by a 
system of diagonal and/оr horizontal bracing welded or 
bolted to the uprights. This bracing system provide rack 
stability in cross-aisle direction. Beams connecting 
adjacent frames and lying in the horizontal direction 
parallel to the main aisle. Beam-end connectors are welded 
to or otherwise formed as an integral part of the beams, 
which has special devices which engage in holes or slots in 
the upright. The down-aisle stability primary is provided 
by the stiffness of the joints between uprights and beams. 
In the current practice connections are characterized as 
rigid or elastic, i.e. traditional method of calculation based 
on the assumption of an ideal relationship between the 
structural elements, [3]. However, the practice and 
laboratory tests have shown that there are connections with 
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characteristics between the elastic and rigid. Therefore, the 
classification of connection was made as: 
• simple or elastic joint,
• continuous or rigid and
• semi – rigid.

The beam end connector provides a semi-rigid 
connection between the beam and the upright. The semi-
rigid behaviour is due to the distortion of upright-walls, 
tearing of upright perforation and distortion of beam end 
connector. In practice, there are different types and designs 
of these connections, which characterize the different 
racks manufacturers, [1]. The overall performance of a 
rack system depends on the efficiency of beam end 
connector. 

Figure 1: Main elements of the steel structure of pallet 
racks 

3. ANALYSIS OF BEAM-TO-COLUMN
CONNECTION 

3.1. Structural properties of the connection 
Behaviour of connection is defined by the curve 

which shows the correlation between the bending moment 
in the connecting point Mj,Ed and relative rotation of the 
joint ΦEd. This curve is known in literature as M-Φ curve 
or M-Φ characteristic as shown on figure 2 and can be 
determined experimentally, based on semi-empirical 
expressions given for various types of connection, 
applying some numeric methods, or based on the 
recommendations in the regulations that deal with this 
issue (Eurocodes, FEM regulations). In some cases, the 
real M-Φ characteristic includes some rotation due to 
effects such as screw slippage, mistakes in execution, etc. 
This can result in significant initial rotations that should be 
included in the calculation M-Φ curve. 

Using M-Φ curve can be determined three main 
structural properties of the connection: 
• bending strength Mj,Rd,
• rotational stiffness Sj and
• rotational capacity ΦCd.

Figure 2: M-Φ curve with structural properties 

3.2. Bending tests on beam end connectors 
The purpose of the test is to determine the stiffness 

and the bending strength of the beam end connector, [2].  
The structural behaviour of the upright and beam end 
connector assembly is critical to the behaviour of the 
complete structure.  It is influenced by a large number of 
factors, particularly: 
• the type of the upright;
• the thickness of the upright;
• the type of beam;
• the position of the beam on the connector;
• the method of connecting the beam to the connector;
• the bracket type;
• the properties of the materials used.

All combinations of these factors, which occur in 
the design of the structural system, shall be tested 
separately, unless it can be reasonably demonstrated that 
interpolation of results provides a conservative estimate of 
performance. 

For each upright and connector assembly, a number 
of nominally identical tests shall be made so that the 
results may be interpreted statistically in accordance with 
[2] and [3].
3.2.1. Test Arrangements

A short length of upright shall be connected to a 
relatively very stiff testing frame at two points with a clear 
distance, h, between them where: 
hc < beam connector length + 2 x column face width     (1) 
 Over this distance there shall be no contact during the 
test between the upright and the testing frame. A short 
length of beam shall be connected to the upright by means 
of the connector to be tested, and beam locks shall be in 
place.  Typical examples of suitable test arrangements are 
shown in figure 3. 

Sideways movement and twisting of the beam end 
shall be prevented by a lateral restraint which, however, 
allows the beam component to move freely in the direction 
of the load.  Alternatively, a pair of connectors may be 
tested in parallel. 

The load shall be applied at 400 mm from the 
face of the upright by an actuator at least 750 mm long 
between pinned ends, as shown in figure 3.  The rotation 
may be measured by: 
(i) displacement transducers bearing onto a plate tack-
welded to the beam close to the connector, but with
enough clearance to allow for connector distortion
(Gauges C1 and C2 in figure 3), or
(ii) by an inclinometer connected to the beam close to the
connector.
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Figure 3: Arrangement for beam end connector bending 
test with alternative methods of supporting the upright 

Figure 4 shows a photograph of the realized tests, 
fully in accordance with the above described scheme. A 
bending test on beam end connectors is carried out in 
accordance with norm UNI EN 15512, [2]. 

 
Figure 4: Photos of experiment settings 

Referring to the experiments carried out on various 
connections, a bending test on beam end connectors are 
determined by measuring the size of all related to the 
dimensions and position of the elements of the sample in 
the testing equipment, and it is shown on figure 5 and 
given in table 1. Dimensions which determine the position 
of the device for measuring displacement are shown on 
figure 5 as well as given in table 2. 

In this paper was analysed part of very large family 
of uprights marked alphanumeric as S80L and beams 
marked as R140L, both made by the same manufacturer. 
The symbols L, L, M, MH, and H in the columns 
respectively indicate the wall thickness of 1.25; 1.5; 2; 2.5 
and 3 mm. The symbols L, M and H in the beams 
respectively denote the thickness of the beam wall of 1; 
1.25 and 1.5 mm. Bending tests have been carried out on 
five samples as shown in tables. Each sample consists of a 
part of the column, beam which is connected to the 
column through beam end connector and secured from 
falling out by a safety pin. The first four samples were 
subjected to the load caused by normal operating 
conditions (bending moment is conventionally defined as 

positive), while the fifth pattern is subjected to a stress in 
such a way that the load tends to separate the connection 
(bending moment is a negative value). 

 

 
Figure 5: Disposition of dimensions which determine the 

position of a samples as well as device for measuring 
displacement under tests 

Table 1: Dimensions which determine the position of a 
samples 

Joint Sample А  
mm 

B  
mm 

C  
mm 

D  
mm 

E  
mm 

F  
mm 

S80ML
-R100L 

G-5 400 119 215 311 454 17.0 
G-6 400 120 215 312 454 19.1 
G-7 400 118 214 311 454 19.9 
G-8 400 118 214 311 454 19.3 
G-9 400 119 215 140 454 18.5 

S80M-
R120М  

A-5 400 120 214 311 455 23.2 
A-6 400 120 215 311 454 23.0 
A-7 400 120 215 311 455 23.6 
A-8 400 120 215 311 455 23.9 

 A-10 400 120 214 143 455 23.5 

S80M-
R140L 

B-5 400 119 290 386 530 24.1 
B-6 400 119 290 385 530 23.7 
B-7 400 119 290 386 530 23.5 
B-8 400 119 289 386 530 23.6 
B-10 400 119 290 142 530 23.5 

Table 2: Dimensions which determine the position of 
device for measuring displacement under tests 

Joint Sample G 
[mm] 

H 
[mm] 

L 
[mm] 

M 
[mm] 

S80ML-
R100L 

G-5 99.5 69.2 47 12 
G-6 99.5 69.3 55 19 
G-7 99.5 69.3 56 18 
G-8 99.6 69.4 55 19 
G-9 99.6 69.4 49 33 

S80M-
R120М  

A-5 119.9 69.5 35 18 
A-6 119.9 69.7 35 18 
A-7 119.9 69.3 27 19 
A-8 119.6 69.4 27 18 

 A-10 119.9 69.5 30 30 

S80M-
R140L 

B-5 139.8 69.1 43 17 
B-6 139.5 69.1 43 16 
B-7 139.1 69.3 42 17 
B-8 140.1 69.2 42 15 
B-10 139.00 69.2 42 29 

3.2.2. Test Procedure 
 The tests described here load the connector vertically 
downwards in shear.  If tests in the reverse direction show 
results for stiffness and strength which are less than 50% 
of the values measured in these tests, then the actual 
figures shall be measured for use in design. 
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 Separate values for the stiffness and strength shall be 
obtained for both right and left hand connectors and the 
mean value used in design. 
 An initial load, F, equal to 10% of the anticipated 
failure load may be applied to the assembly and then 
removed as a preload in order to bed in the components.  
The gauges should then be reset.  The load, F, shall then 
be increased gradually until the maximum load is reached 
and the connection fails.  The rotation of the connection 
shall be observed and, for each test, a plot of the moment 
M and the rotation Φ shall be made, in which: 

M a F= ⋅                                                                         (2)   

and 

2 1 - 
d

δ δΦ =
                                                                      (3)

         

where: 
а - lever arm for the load F, 
d - distance between the gauges C1 and C2, 
δ1 - deflection measured by gauge C1, 
δ2 - deflection measured by gauge C2. 
 Based on tests realization connection rotation Φ is 
determined from the equation: 

3
12

2 

L G M

δ δ δ
Φ

+
−

=
+ +

                                                                (4) 

where: 
δk - deflection measured by gauge C3, 
L, G and M – dimensions shown in figure 5. 

Bending tests on beam end connectors up to 
collapse under normal operating conditions (bending 
moment is conventionally defined positive) were 
performed on this rack structure. An initial loading-
unloading cycles up to the maximum loading level F0 was 
performed, which is provided assembling and fitting of the 
elements in the connection, after which the load is 
increased incrementally until it reaches the value of the 
failure Fti. In the table 3 are given the maximum measured 
values of the achieved load for each sample which 
corresponding to the moment calculated according to 
formula 2. In the table are also given duration of each 
probe as well as each sample.  

Table 3: The measured values of the achieved load 

Joint Sample F0 
kN 

F 
kN 

t 
s 

Mti 
kNm 

S80ML - 
R100L 

G - 5 0.762 4.168 496 1.667 
G - 6 0.393 4.087 577 1.635 
G - 7 0.402 4.093 575 1.637 
G - 8 0.394 4.084 495 1.634 
G - 9 -0.179 -2.486 512 -0.994 

S80M - 
R120М  

A - 5 0.581 5.678 340 2.271 
A - 6 0.578 5.458 381 2.183 
A - 7 0.563 5.708 407 2.283 
A - 8 0.554 5.741 436 2.296 

 A - 10 -0.542 -3.516 412 -1.407 

S80M - 
R140L 

B - 5 0.632 5.741 324 2.296 
B - 6 0.632 6.162 341 2.465 
B - 7 0.620 5.771 320 2.308 
B - 8 0.635 5.930 274 2.372 

B - 10 -0.590 -4.119 316 -1.647 

3.2.3. Derivation of the Results 
The failure moment, Mti, shall be taken to be the 

maximum observed moment, as indicated in figure 7. 
 For each upright and connector assembly, the 
characteristic failure moment Mk shall be calculated in 
accordance with section 3.2.2.  The design moment for the 
connection is then MRd, where: 

M

  Rd
kМ M

γ
=                                                                         (5) 

in which: 
γ M - partial safety factor for connections, defined in [2] 
and [3]. 

 
Figure 7: Derivation of connector stiffness 

The rotational stiffness of the connector shall be 
obtained as the slope Sti of a line through the origin which 
isolates equal areas between it and the experimental curve, 
below the design moment, MRd, as shown in figure 7, 
provided that: 

k
ti

ki M

MS  1,15 
γΦ

≤
⋅

                                                            (6) 

The design value, Sd, of the connector stiffness 
shall be taken as the average value, Sm as shown in table 4, 
where: 

1

1 n

m ni
i

S S
n =

= ∑                                                                   (7) 

Table 4: Test results 
Joint Sample Mti 

kNm 
Mm 

kNm 
Mk 

kNm 
MRd 
kNm 

Sti 
kNm/rad 

Sm 
kNm/rad 

S80ML  
-100L 

G-5 1.667 

1.643 1.601 1.455 

32.65 

37.20 G-6 1.635 41.07 
G-7 1.637 35.28 
G-8  1.634 39.79 

S80M-
120М  

A-5 2.271 

2.258 2.121 1.928 

46.22 

44.15 A-6 2.183 43.05 
A-7 2.283 43.43 
A-8 2.296 43.90 

S80M-
140L 

B-5 2.296 

2.360 2.153 1.957 

92.06 

94.54 B-6 2.465 99.35 
B-7 2.308 87.06 
B-8 2.372 99.68 

3.3. Analytical polynomial model by the Frye-Morris 
method 

The Frye-Morris method [4] proposes a non-
dimensional polynomial model for determining the 
moment-rotation characteristic of a single connection, 
which is generated by replacing the size of its individual 
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parameters in a standardized connection. The size of the 
parameters used to determine the equation can be the 
thickness of the wall of the column tu, the beam height db 
and the thickness of the wall of the beam profile tb. The 
standardized link is then given by the equation: 

( ) ( ) ( )3 5
1 2 3r C K M C K M C K MΦ = ⋅ + ⋅ + ⋅                  (8) 

where is: 
Φr – relative rotation rad, 
М – moment of rotation kNmm, 
К - coefficient that escalates the ordinate of curves, 
C1, C2, C3 – constants for fitting curves. 

The factor K which scales the ordinates at the 
curve, taking into account the size of the individual 
connection parameters is calculated according to: 

1

j
m

a
j

j

K q
=

=∏                                                                       (9) 

Where is: 
qj - numerical value of  ј parameter mm, 
аj - exponent that shows the effect of the size of the j 
parameter on the moment-rotation relation, 
m - number of parameters ј, 

The determination of the exponent aj in the 
equation (9) is performed on the basis of the pair of 
experimentally obtained curves moment-rotations for two 
joints which are identical, but in which they do not figure 
out the parameter qj being considered. 

The relationship between the moments M1 and M2 
for connections 1 and 2 at rotation Φ is assumed in the 
form: 

11

2 2

ja

j

j

qM
M q

 
=   
 

                                                                 (10) 

where qj1 and qj2 are the values of the parameters qj for 
connections 1 and 2 respectively. 

From the relation (10) we can express the 
coefficient aj according to: 

( )
( )

1 2

2 1
j

j j

log M / M
a

log q / q
=                                                          (11) 

The expression (11) is used to calculate the values 
of aj corresponding to different rotations for each 
combination of experimental curves. When the mean value 
is calculated for all "m" exponents aj, they are applied to a 
standardized moment-rotation diagram. Finally, the fitting 
procedure of curve is used to generate a standardized 
moment-rotation connection. 

The mean value a1 for variable column thickness 
is -0.126, and a2 for variable heights of the beam is -2.981 
and a3 for the variable thickness of the beam is -0.121. 
Therefore, the standardized coefficient K follows that: 

0 126 2 981 0 121, , ,
u b bK t d t− − −= ⋅ ⋅                                           (12) 
Constants for fitting curves obtained for all 

connectors are shown in the Table 5, and the procedure 
developed in Microsoft Excel is used for their calculation. 

The mean values of the coefficients are: 
C1= 4.3693e+1; C2= 3.93e-2; C3=4.35e-4 

The Frye-Morris equation for the observed 
construction is: 

( ) ( ) ( )3 54 36 01 3 93 02 4 35 4r , E KM , E KM , E KMΦ = + + − + − (13)  

Table 5: Constants for fitting curves 
Joint Sample C1 C2 C3 

S80ML-
R100L 

G-5 34.10479 2.00e-02 2.00e-04 
G-6 28.20721 2.01e-02 3.00e-04 
G-7 30.61559 7.01e-02 6.00e-04 
G-8 27.61125 1.44e-02 2.00e-04 

S80M-
R120М  

A-5 44.65244 1.59e-02 1.00e-04 
A-6 46.20446 8.75e-02 5.00e-04 
A-7 47.30988 1.33e-02 8.00e-04 
A-8 47.27306 1.25e-02 6.00e-04 

S80M-
R140L 

B-5 41.19487 2.25e-02 4.00e-04 
B-6 38.47692 3.26e-02 6.00e-04 
B-7 41.81794 8.47e-02 7.00e-04 
B-8 36.31579 2.23e-02 3.00e-04 

3.4. Numerical Analysis 
Numerical models for all joints are developed in the 

Femap with NX Nastaran [5] software based on the 
technical documentation of producer and the data given in 
tables 1 and 2. LS-Dyna software was used for numerical 
analysis [6]. The parts in the set are modelled with 3D 8- 
nodal finite elements and contain 263204 elements and 
451489 nodes. The load transfer plate is modelled with the 
shell elements, too. In the figure 8, a mesh of finite 
elements model of cantilever test for analysis of the beam 
to column connection is shown.  

The system for transfer loading is modelled with 
1D finite elements, i.e. rods. The connection between the 
parts in the assembly are modelled by the surface-to-
surface contact elements. Contact finite elements are used 
for modelling the following connections: column-beam 
end connector, beam end connector-beam, beam-parts for 
blocking lateral movement. The analysis used an elasto-
plastic material model with kinematic reinforcement, [6]. 

 
Figure 8: Model of cantilever test for beam to column 

connection of the joint S80M-R140L 

The column and side plates are fixed at the ends. 
Figure 9 shows the boundary conditions as well as given 
load. 

  
Figure 9: Boundary conditions and load 
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At the end of the rod, the movement in the negative 
direction of the y axis is set according to the diagram in 
figure 10. The value of the given displacement at the point 
of effect of the force is calculated according to the 
experimental data for the relation between the angle of 
rotation and the corresponding force value, i.e. moment of 
bending. 

 
Figure 10: Diagram of the given displacement 

Figure 11 shows the curves of the moment-rotation of the 
four samples of the joint S80M-R140L obtained 
experimentally, curves generated using the analytic 
polynomial model by the Frye-Morris method as well as 
the curves obtained by the numerical simulation of the 
experiment 

 
Figure 11: Moment-rotation curves for joint S80M-R140L 

The moment-rotation curves for the joint S80M-
R140M obtained only by numerical and analytical 
application of expression (13) are shown in figure 12. An 
analogy with the numerical results that was verified by 
experimental results can be seen from the diagram. Based 
on this, it can be concluded that the developed model of 
finite elements can be reliably applied to determine the 
construction properties of the considered connection. 

 

 
Figure 12: Moment-rotation curves for joint S80M-R140M 

4. CONCLUSIONS 

Constructive design and derivation of connections 
between elements of the spacious steel structure of pallet 
racks is of great importance both for the load capacity and 
for the economy. Semi-rigid connections between the 
beams and columns of the frame pallet structure provide a 
reduction in the consumption of materials, as well as the 
costs of manufacturing and assembly, which is the main 
reason for their mass application. Determination of the 
structural properties of the beam-to-column connection 
and its structural properties on the basis of the moment-
rotation curve is the basis for further analysis of the 
connection behaviour as well as its influence on global 
structure. In order to avoid expensive experimental 
analysis and determination of this characteristic, it is 
resorted to the development of analytical or numerical 
models. So far, analytical models did not give satisfactory 
results while numerical analysis and application of the 
finite element method in the simulation of the test 
conditions gave very good results. By simply changing the 
model of the experiment enabled by modern computer 
technology, it can be examined and determined by the 
characteristic of the connections of various combinations 
of elements in the joint. In this way, the rough 
approximations of real characteristics and their 
introduction into the calculation are avoided. Further 
research in the field of semi-rigid connections of the 
elements of the rack construction will certainly refer to the 
possibility of improving the connection, or increasing the 
load capacity, for example, by enabling an additional, 
multiple contact of the parts of the beam end connector 
and the column. Problems that would occur in this case, 
such as, for example, the weakening of the column due to 
multiple perforations, would simply be analyzed and 
solved using the developed model. Numerical analysis 
enables rapid and at the same time reliable optimization 
without the need of experimental testing. 
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The paper presents a method of modelling catenary construction elements especially continuous media (contact wire 
and messenger wire) using lumped conservative and dissipative elements. In order to determine the mathematical model of 
the line used in the Serbian Railways, the Lagrange’s energy method was used. To model the contact wire and messenger 
wire, the authors propose to use a string of 8-node elements. The spatial arrangement of nodes provides a longitudinal and 
lateral stiffness of the wire. In the first approach, an assumption was made that the compliance of equivalent springs is the 
same in the model of the contact wire and the messenger wire. The same assumption was made with respect to the 
equivalent damper parameters. With this approach, the influence of wear of the contact wire to its dynamics can be 
mapped by adjusting the relative position of the nodes in the 8-node element string. 

Keywords: Electric traction, overhead catenary, mathematical modelling, Pantograph-Catenary System
1. INTRODUCTION 

Railway traction model is a complex mix of 
electrical and mechanical parameters. The capability of a 
current collection system depends on an interaction 
between locomotive, pantograph and catenary system, see 
Figure 1. When developing such systems, it is important to 
have the ability to predict the dynamic performance of the 
system. 

 
Figure 1: A train with its catenary-pantograph system 

These types of systems have been analysed by 
several engineers during the last decades. Depending on 
factors such as the actual configuration of the systems, 
available information, desired accuracy of simulation 
results, simulation methods etc. different types of models 
are applicable. 

The large variation in infrastructure characteristics 
in different countries and railway companies, different 
designs of pantographs, different types of traffic (types of 
vehicles, running speed etc.), makes it almost impossible 
to develop a final simulation model of the system. It is also 
difficult to recommend models for specific cases, since the 
relevant model depend on access to information, wanted 
accuracy of the results, accessible resources etc. Instead, it 
would be favourable to have a tool that has the ability to 
set up models of the system, choose relevant detail of the 
models, perform simulations and finally visualise the 
results. Then the user can validate the created model for 
the specific application. 

To make the developed tool useful for engineers, 
design experts as well as simulation experts, the 
functionality of the computer tool must be worked out. For 
example, it would be favourable if the engineer does not 
need to have specific knowledge about the details in the 
different models and solution methods. 

The work presents methodical aspects of modelling 
the critical components of a catenary construction, i.e. a 

contact wire, a messenger wire and a dropper used in the 
Serbian Railways. In the future, the models of these 
components will form the basis for the construction of a 
line reference model, first, and then of a complete model 
of the strain section of the line that is needed to diagnose 
the current collectors. The paper also presents the issues of 
identifying the contact wire model parameters based on 
measurements. At the same time, the complexity of the 
dynamics of the wire vibration in 3D space has been 
shown. 

2. MODELING OF PANTOGRAPH-CATENARY 
Pantograph is an important link to transfer the 

electric energy from the power conductor to loco 
transformer. It is a mechanical system composed of an 
articulated frame, carrying a collector head on which the 
collector strips for current collection are mounted. 
Constant pressure is applied at the head of the pantograph 
through pneumatic control mechanism to ensure that it 
always remain in contact with the contact wire. When the 
electric train moves, a dynamic force is applied on the 
contact wire by the head of the pantograph. The contact 
wire after the passage of pantograph suddenly sags and 
starts vibrating due to the elasticity of the system. The 
quality of current collection by the pantograph depends 
upon the contact pressure between the pantograph head 
and speed of the train [1]. If the pressure is kept too low, it 
may lead to unsatisfactory current collection and sparking 
whereas very high pressure increases the wear and tear of 
the contact wire. For 25kV ac system, the pressure 
between 4-6 bars is considered optimum. The supply from 
catenary to the power conductor to loco transformer 
through pantograph form a dash pot mass spring system. 
Fig. 2 shows the contact description of the pantograph-
catenary system [1]. 

The choice of a simple catenary for simulation is 
made because this system has the same behaviour under 
dynamic action effect like compound catenary. Catenary 
equivalent mechanical model is presented in Fig.3. 

Pantograph equivalent mechanical model is 
presented in Fig.4 [2]. 
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Figure 2: Contact description of the pantograph-catenary 

system 

 
Figure 3: Catenary equivalent mechanical model 

Where are: Tower stiffness- S; Dropper stiffness- K; 
Distance to the j-th tower - Wj; Distance to the i-th 

dropper -Xi; Stiffness of the two wires- E, IA, E, IB; Density 
of the two wires- ρA, ρB; Tension in the two wires- TA, TB 

 
Figure 4a: Pantograph mechanical model 

Physical description of a nonlinear analytical model 
is presented for the following mode (fig. 4a and 4b): 
Nonlinear pantograph model; Static model; Linear model. 
 

 
Figure 4: Pantograph equivalent mechanical model  

The pantograph model used to control the design is 
the same for two-mass model [2]; but, the wire height, ycat, 
cannot be realistically measured; catenary is modelled as a 
constant spring which value is the average catenary 
stiffness, kave. Fig. 4c shows this scheme. 

The pantograph equivalent mechanical model used 
to control the design is the same for two-mass model. The 
upper mass represents the head mass while mass of frame 
is represented by lower mass. The contact between the 
head of the pantograph and the catenary is represented by 
a spring with a constant stiffness Kave. The displacement 
of catenary is the function of force on the catenary due to 
pantograph. 

The two models are coupled through the spring that 
represents the stiffness of the carbons on flexure of the 
head, Ks (Fig. 5). 

 
Figure 5: Coupling of the pantograph and catenary 

models 
3. MATHEMATICAL MODELLING OF SELECTED 

ELEMENTS OF CONTACT LINE 

3.1 Assumptions 
The modelling methodology adopted in this work is 

based on the Lagrangian energy method. The methodology 
has been applied only to those components that were 
included in the EN 50318 specification [3]. Specification 
of the reference model of the line according to EN 50318 
defines only the geometrical arrangement, the set of input 
parameter values and the corresponding set of results for 
the impact at the collector-contact wire tangency point. It 
is therefore not a mathematical model, but a set of 
guidelines for its construction, which must be taken into 
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account. The reference model is not intended to represent 
the mechanical structure of a particular line. Its purpose is 
to validate any method of simulation, especially dynamic 
states in the contact line-current collectors system. If the 
test simulation method will be positively verified on the 
basis of the reference model, it may be approved for 
experimental verification. 

 
The geometric system of the reference line [3] 

consists of a series of 10 identical sections along the length 
of tension. Each section (Fig. 6) represents the span length 
and its length is 60 m. The reference line includes: a single 
contact wire, a messenger wire and droppers. The 
messenger wire is fixed to stationary brackets and 
restrained at both ends of the tension segment. The current 
collector of the vehicle moving on the railway line is 
modelled as a discrete system: masses-springs-dampers 
(Fig. 7) [3]. 

 
Figure 6: Geometry of the reference catenary single 

suspension section 

 
Figure 7: Pantograph model 

3.2. Modelling methodology adopted for the analysis of 
the catenary construction 

According to the adopted method, the contact wire, 
the messenger wire and the droppers were divided into 
lumped conservative (kinetic and potential) elements and 
dissipative elements (dampers). The concept of division of 
the contact wire and the messenger wire is shown in Fig. 
8a, whereas the division of the dropper is shown in Fig. 
8b. The contact wire and the messenger wire are 
represented by a string of 8-node elements. In the 
particular mechanical nodes, lumped mass elements are 
arranged. Adjacent nodes are connected by lumped 
equivalent springs and dampers. This arrangement 
provides a longitudinal (axial) and lateral stiffness, and the 
distribution of nodes in a cross-section of the wire allows 
to simulate the effect of wear of the contact wire. The 
dropper is represented by two inertial elements placed in 
the nodes of the contact wire and the messenger wire, 
joined with an equivalent damper and spring with 
nonlinear characteristics. 

 

 
Figure 8: The concept of dividing the elements of the 

catenary construction into a group of conservative and 
dissipative lumped elements: a) contact wire or messenger 

wire, b) dropper 
The mathematical model is based on the Lagrangian 

formalism. This formalism requires defining: coenergy of 
kinetic inertial elements, energy of the potential elements 
and Rayleigh dissipation function for dissipative 
components. Kinetic coenergy of the inertial element a in 
translational motion expressed in coordinates associated 
with the element a is: 
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where: 
ma – the mass of the element a, 

dt
dxa , 

dt
dya ,

dt
dza  – the components of its velocity, 

respectively in the x, y and z directions. 
The potential energy of a linear elastic element b in 

translational motion expressed in the coordinates 
associated with the b element is: 
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where: 
Kb – the compliance of the spring b, 
xb, yb, zb – components of the relative spring terminals 
displacement respectively in 
the x, y and z directions, 
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Xb, Yb, Zb – the dimensions of the spring in a state of zero 
potential energy, respectively in the x, y and z directions, 
Rp – the length of the spring. 

Rayleigh dissipation function of the linear viscous 
dissipative element c in translational motion expressed in 
the coordinates associated with the element c is: 
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where: 
Dc – the damping coefficient of kinetic component c, 

dt
dz

dt
dy

dt
dx ccc ,,

.

– relative components of the damper 

terminals velocity, respectively in the x, y and z directions. 

In the next step, a constraint equation is set, which 
defines the relationship between the coordinates of 
individual lumped elements with generalised coordinates 
(degrees of freedom of the system). On this basis, the 

Lagrangian was formulated: L(
dt
dξ ,ξ ), and its general 

form with generalised coordinates is as follows: 
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where: 







 ξξ ,'

dt
dEk  – the resultant coenergy of the kinetic system, 

( )ξpE p – the resultant potential energy of the system, 

dt
dξ – the generalised velocity vector, 

where in: 

dt
dz

dt
dy

dt
dx kkk ,, – the components of the velocity of the 

node k, 
ξ – the vector of generalised displacement, 
where in: 
xk, yk, zk – components of displacement of the node k. 

Then, an Euler-Lagrange equation was set, that, for 
the free node k, can be succinctly expressed by the 
formula: 
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where: 









dt
dP ξ  – a Rayleigh dissipation function of the system, 

Qk(t) – a generalised force – the external force acting on 
the free node k of the system. 

4. IDENTIFICATION OF THE MECHANICAL 
PARAMETERS OF THE CONTACT WIRE 

An important element of the overhead line is the 
contact wire. Its irregular cross-section results in the need 
for detailed exploration of the selected mechanical 
parameters. For this purpose, it was necessary to measure 
the deflection and vibration for typical trolley wires used 
in the Serbian Railways, Inc., i.e. Djp 100. The tests were 
performed on a simple experimental setup shown 
schematically in Fig. 9. 

The wire is mounted rigidly on one side. In case of 
static measurements, different values of the force F were 
applied at the end of the wire, and by means of a laser 
rangefinder, the deflection y in the consecutive points 
spaced along the length l of the wire was measured.  

 
Figure 9: The scheme of the experimental setup for testing 
mechanical parameters of contact wires, where: l – wire 
length (800 mm) F – force function; y – deflection of the 

wire 
The wire is mounted rigidly on one side. In case of 

static measurements, different values of the force F were 
applied at the end of the wire, and by means of a laser 
rangefinder, the deflection y in the consecutive points 
spaced along the length l of the wire was measured.  

On the basis of measurements and catalogue data of 
the contact wires, mechanical parameters of the 
concentrated elements were identified, i.e. inertial mass of 
the nodal elements, compliance of the substitute elastic 
elements and damping coefficients of kinetic equivalent 
dampers. In determining the susceptibility of equivalent 
springs in the contact wire, it was established at the outset 
that the characteristics of these springs are the same. It is 
also assumed that the characteristics of the equivalent 
dampers in the contact wire are the same. Similar 
assumptions were adopted for the springs and dampers 
representing the catenary construction. 

The measurement results, which show the trajectory 
of the end of the wire, are shown in Fig. 10. When the axis 
of symmetry of the wire lies in the axis of force function F 
or is perpendicular to that surface, then the vibration 
occurring in the one axis (movements similar to those 
shown in Fig. 10a were obtained for wires rotated by 90 
and –90°). If the axis of symmetry is not in the axis of the 
force function, we observe a complex vibration in the x 
and y axes (see Fig. 10b and 10c). 

The resulting registrations of trajectory indicate that 
the simple models based on the reference model, which 
describes the movement of the system only in the vertical 
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direction, may not fully reflect the complex nature of the 
phenomena for network sections with a special structure. 

 
Figure 10a: The trajectory of vibrations at the end 

of the wire at step reduction of the loading force:  wire 
Djp100 respectively in normal position 

 
Figure 10b: The trajectory of vibrations at the end 

of the wire at step reduction of the loading force:  wire 
Djp100 respectively rotated by 45° (b) 

 
Figure 10c: The trajectory of vibrations at the end of the 
wire at step reduction of the loading force:  wire Djp100 

respectively) rotated by –45° (c); 

5. EXAMPLES OF SIMULATION RESULTS 
Comparison of the results of simulations and 

measurements of the deformation of the section of 
unilaterally fixed wire Djp 100 is shown in Fig. 11. These 
results relate to a new wire in a normal position. The 
parameters of the lumped elements of the wire model are 
as follows: the mass of the inertial element in the node is 

m = 0.032 kg, the compliance of the equivalent spring is K 
= 3.5×10–5 m/N, the kinetic damping coefficient is D = 
0.038 Ns/m (Fig.8b). The K value is the same for all the 
springs in the wire model (Fig.8b). The value of D is also 
constant for all dampers in the wire model. 

 
Figure 11: Comparison of the results of simulations and 
measurements of deformation of a section of the wire Djp 

100 in normal position, fixed unilaterally 

Simulation of the dynamic state of the same section 
of the wire is shown in Fig. 12. The graph shows the 
dynamic deformation of the end of the wire Djp 100 in 
conditions similar to the conditions of measurement. In the 
model developed for the purposes of this work, the so-
called viscous dampers were used. In further research, dry 
friction will also be analysed. As was demonstrated by a 
preliminary analysis of the envelope, dry friction may be a 
part of the dissipation of mechanical energy in the 
structure of the wire. 

 
Figure 12: The simulation result of the dynamic state of 
the section end free deformation for the wire Djp 100 in 

normal position, fixed unilaterally 

From the comparison of simulation and 
measurements, a conclusion can be drawn that the 
proposed model of the division of wire into lumped 
elements, relatively correctly reproduces static and 
dynamic states. It also turned out that the use of equivalent 
elastic elements having the same characteristics in the 
structure of the contact wire and messenger is justified. 
This also applies the same characteristics of dissipative 
elements. This approach greatly facilitates the appointment 
of equivalent elastic and damping elements. 
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6. CONCLUSIONS 
The overhead contact line is the most effective way 

for supplying railway electric vehicles. The increase of the 
speed of vehicles increases power consumption and 
requires ensuring proper cooperation of pantographs with 
overhead contact line. The paper describes the novel 
mathematical model of the overhead contact line used in 
the Serbian Railways and the simulation results. 

The primary objective is a more accurate analysis to 
increase the reliability of the evaluation of monitoring and 
diagnostics. The model was based on the Lagrange energy 
method. The paper presents the structure of the model and 
equations describing it, as well as the results of some 
laboratory tests that were performed to determine the 
model parameters. The selected results of simulations 
concerning the effects of force impact on the contact wire 
were carried out using the created model. The prepared 
program can be used for creating computer tools, which 
will support designers of overhead contact line used in the 
Serbian Railways. 

The conducted experimental studies were used to 
determine the parameters of the concentrated elements of 
the model. They demonstrated the rather complicated 
dynamics of the vibration of the contact wire, especially at 
its different angular position. 

Comparison of the results of the experiment and the 
simulation showed the validity of the approach for 
modelling the overhead line elements, especially the 
contact wire. Despite the linear characteristics of 
equivalent springs and equivalent dampers, a relatively 
good coherence of simulation results and measurements 
was achieved. 

Currently, a software is developed that will be able 
to simulate the entire overhead contact line used in the 
Serbian Railways taking into account elements that bring 
irregularities, for example, connectors, insulators, as well 
as heterogeneity of the cross-section of the wire, etc. 

Adding a software module for the calculation of 
electrical quantities, e.g. a simulation of useful voltage 
based on the distribution of substations with regard to 
vehicle motion, will develop useful tools for designing 
overhead lines. 
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Abstract - The paper presents a force analysis of Nadal’s formula representing the admissible boundary state with 
regard to derailment of railway vehicles. A number of important universal features and dependencies of this process 
(derailment) as interaction between two groups of forces or force functions are revealed. The argument of functions 
(independent variable) is the so-called criterion against derailment Y/Q (the ratio of horizontal to vertical forces at the 
contact point of rail and attacking wheel). The proposed graphic interpretations of force functions contribute to visualizing 
the derailment process and create additional conveniences and opportunities of future research. 

Keywords – Railway vehicles, derailment, Nadal's formula. 

1. INTRODUCTION

Although the problems of providing safety against 
rolling stock derailment had existed since the appearance 
of railway transport (i.e. for nearly two centuries), the first 
theoretical dependencies were presented by engineer 
Poshe in 1882. Later these dependencies were further 
developed by G. Marje, M. J. Nadal, etc. and became 
fundamentals of the modern theory of reliability against 
railway derailment. The contribution of M. J. Nadal is very 
substantial because in 1908 he suggested the following 
working formula, which is topical even nowadays [1, 2, 3, 
4, 5, 6]: 

)(tg
tg1

tg
Q
Y ρβ

βµ
µβ

−=
⋅+
−

< (1)

where:  
Y and Q are the horizontal transverse force and 

vertical load transmitted from the attacking wheel to the 
rail at the contact point;  

β  − the angle of slope of the flange forming in its 
straight part or in its inflection point if it does not have a 
straight part; 

µ and ρ - the coefficient of friction and angle of 
friction between the flange and rail respectively. 

Although not very precise, this formula reflects 
the effect of the main force and geometrical factors to 
prevent derailment quite completely. At that it shows these 
factors clearly and briefly. This formula will be paid 
special attention to in further analysis. 

In 1930s G. Marje put some corrections in 
Nadal’s formula considering the friction force of non-
attacking wheel µ′. Q′ and it took the kind of: 

'
Q

'Q
tg1

tg
Q
Y µ

βµ
µβ

⋅−
⋅+
−

< (2)

where: Q′ and µ′ are the vertical load on the rail and the 
coefficient of friction with it of the non-attacking wheel 
respectively (the other symbols are given in the previous 
formula).  

It should be pointed out that the experimental 
determination of horizontal and vertical forces (Y, Q and 

Q′) in the formulas mentioned above under operational 
conditions was not possible at the time of their creation 
and even long years after.  

During the period right after the World War II, 
thanks to the great improvement of measurement 
equipment explained by fast development and wide 
abilities of tensometrics, it became possible to measure 
forces in the axle box and axle of the wheel axle.  

That grounded a new trend in development of the 
theory of safety against derailment characterized with 
examination on the entire wheel axle (together with the 
axle box unit and all forces applied to and transmitted 
from it) as well as with using other criteria based on the 
axle unit and axle of wheel axle. The contributions to the 
theoretical fundamentals of safety against derailment that 
belong to this group were first developed in [9, 10, 11, 12, 
13]. Some of them are summarized in this paper 
emphasizing mainly on the basic results. 

The author of [11] from 1948 examined the entire 
wheel axle and worked out a new criterion for derailment, 
which is a ratio between horizontal cross-wise force F to 
vertical force Р1 applied to the axle neck from the side of 
attacking wheel; this criterion depends on the wheel axle 
parameters and bandage profile as well as on the ratio 
between vertical loads Р2 and Р1 on the two axle necks. In 
[12, 13, 14] works are presented general notes of safety 
against derailment in graphical or analytical method by the 
methods ERRI [1], UIC 518 [5] and EN 14363 [6]. 

A number of studies have been carried out in recent 
years and implementations for methods and means for 
measuring forces Y and Q in the contact point and the 
creation of a tensometric wheel and a calibration bench [5, 
6, 7, 8]. 

The dependence of Nadal’s formula is not limited 
with the formula itself because the clear, short and simple 
dependencies connected with it are not less important. 
Thanks to their clarity and briefness the latter ones are 
used to discover and explain the complex processes of 
derailment [14, 15]. It is why the paper presents the very 
way of working-out the formula, which despite its 
popularity is justifiable due to the necessity to focus 
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attention on some significant intermediate results to be 
used later. 

Here also, while working-out this formula, one 
begins from the state of lifted-up attacking wheel so that it 
contacts the rail through the flange in its conic zone and 
from the condition that it is capable to return to its normal 
state on the rail under the effect of forces applied to it, and 
these are resultant forces Q and Y (Fig. 1) – in vertical and 
horizontal transverse directions respectively – designed on 
the tangent t∆  to the tangential  area at contact point  A as 
well as friction force µN along the direction of tangent   tA  
and with direction „up“, i.e. opposite to the direction of 
pre-set movement  (Fig.1).   

 
Figure 1: Towards working out formula (4) 

 
Figure 2: Towards working out formula (7) 
 
Taking into account the preconditions mentioned 

above and the symbols given in Fig. 1, the requirement of 
the attacking wheel return, i.e. of movement 
“downwards”, it is possible to write the following 
inequality:    

N.cos.Ysin.Q µββ +>        (3) 
and because normal force N consists of projections on 
normal nA of active forces Q and Y, namely: 

ββ sin.Ycos.QN +=  
Inequality (1) takes the kind of:  

)sin.Ycos.Q.(cos.Ysin.Q ββµββ ++>      (4) 
or 

)sin.Ycos.Q.(cos.Ysin.Q ββµββ +>−      (5) 
)sin..(cosY)cos..(sinQ βµββµβ +>−  

βµβ
βµβ

sin.cos
cos.sin

Q
Y

+
−

<  

and finally  

βµ
µβ

tg.1
tg

Q
Y

+
−

<          (6) 

or  

  )(tg
Q
Y ρβ −< , where µρ artg= . 

If in inequality obtained (6), which presents 
Nadal’s formula, the sign of inequality is replaced with the 
sign of equality, it radically changes its contents because 
this replacement expresses the boundary state (the so-
called “boundary state”) – there is not an area of values 
but only one value of ratio Y/Q, namely: 

IFS Q
Y

Q
Y

tg1
tg

Q
Y









≡








=

⋅+
−

=
−βµ

µβ

      
(7) 

which is completely determined by the values of 
parameters  β and µ  and which, by its nature, is a 
boundary value, the so-called I-st boundary value defining 
the border between the zones of safety (S) and friction (F) 
(deadlock). 

With the smallest increase of ratio Y/Q in regard to 
its boundary value (Y/Q)S-F ≡ (Y/Q)І , the system enters the 
“friction” zone (or “deadlock”, “indifferent equilibrium”), 
which continues (together with the further increase of Y/Q) 
to reach the next (II-nd) boundary state – between the 
zones of friction and derailment. The calculation scheme 
for this boundary state (Fig.2) differs from the previous 
one (Fig.1) only by the direction of friction force µ.N – 
here it is directed downwards because the moment 
(minute) when the attacking wheel flange begins to slide 
along the rail edge in upward direction is examined. In this 
case the following inequality is in force: 

NsinQcosY ⋅+⋅>⋅ µββ  
and since  

ββ sinYcosQN ⋅+⋅=  
it is obtained that  

)sinYcosQ(sinQcosY ββµββ ⋅+⋅⋅+⋅>⋅  
or 

1cos)cos(sinQ)sin(cosY −⋅⋅+⋅>⋅−⋅ ββµββµβ   
and finally  

βµ
µβ

tg1
tg

Q
Y

⋅−
+

>  or )(tg
Q
Y ρβ +> , where µρ artg=    (8) 

The resulting inequality (6) defines a whole area of 
Y/Q ratio values with which the attacking wheel flange is 
pushed on the rail, i. e. derailment occurs. 

The boundary state between the friction and 
derailment zones (F-D) will be expressed naturally, 
analogous to the previous boundary state as follows: 

IIDF Q
Y

Q
Y

tg1
tg

Q
Y









≡








=

⋅−
+

=
−βµ

µβ

      
(9) 

as it is characterized by a single value of ratio Y/Q = 
(Y/Q)S-F ≡ (Y/Q)І  ratio defined by parameters β and µ 
according to the formula. 

Depending on the value of Y/Q ratio, different 
states of "wheel (flange) – rail" system are given in Table 
1. 

 
 

Y.cosβ 

µN 

nА 

Q.sinβ 
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N = Q.cosβ+Y.sinβ 
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Y.sinβ 
Q.cosβ 
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Q.sinβ 
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Table 1: Condition of "wheel (flange) – rail" system 
depending on Y/Q ratio 

 
№ Value of Y/Q  Characteristics of the state 
1. Y/Q < (Y/Q)S-F Area (zone) "safety against 

derailment" 
2. Y/Q = (Y/Q) S-F Boundary equilibrium state –

between "derailment" and 
"friction" zones 

3.  (Y/Q)S-F < 
(Y/Q)<(Y/Q)F-D  

 "Friction" (or “deadlock”) area 
(zone) 

4. Y/Q = (Y/Q) F-D Boundary equilibrium state – 
between “friction” and 
“derailment” zones 

5. Y/Q > (Y/Q) F-D "Derailment" area (zone)  

 
2. MECHANISM OF PROCESSES DEPENDING ON 

Y/Q CRITERION 

To analyse the processes involved in derailment 
and particularly to reveal their connections with the main 
factor – Y/Q criterion, a number of intermediate 
dependencies will be used to work it out. For instance, 
dependency (4) and Fig. 1 

)sinYcosQ(cosYsinQ ββµββ ⋅+⋅⋅+⋅>⋅   (10) 
which gives an illustration of equilibrium (balance) or 
unbalance between acting forces: active force Q.sinβ, 
which strives to return the attacking wheel to its normal 
position on the one hand, and on the other hand –force of 
dry friction µ.(Q.cosβ + Y.sinβ), which strives to keep the 
wheel in a critical state of its flange on the edge of the rail, 
plus active force Y.cosβ, which strives to push the wheel 
out (i.e. to derail the wheel). 

With these studies, the dependency in modification 
will be mainly used  

)sinYcosQ(cosYsinQ ββµββ ⋅+⋅⋅≥⋅−⋅  (11) 
which is not essentially different from (4). What is 
characteristic here, it is that acting forces are differentiated 
into two groups: 

- the group of active forces in the left part of (5), 
denoted with A: 

ββ cosYsinQA ⋅−⋅=
               

(12) 
- the group of dry friction forces on the right side 

of (5) denoted with T: 
or (11) 

)sin
Q
Y(cosQT ββµ ⋅+⋅=

   
(13) 

Then (3) obtains the kind of: 

)sin
Q
Y(cosQ)cos

Q
Y(sinQ ββµββ ⋅+⋅⋅≥⋅−⋅

 
(14). 

Strength groups A and T are radically different in nature 
and there is an extremely complex interaction between 
them that determines the nature of ongoing processes. In 
order to facilitate their study as well as to universalise the 
dependencies and the results obtained, it will be accepted 
to work with dimensionless (non-dimensional) magnitudes 
and mathematical expressions. For this purpose the 

equation/ inequality (14) is shortened with Q and the same 
is obtained in a dimensionless form. 

ββ cos
Q
Ysin ⋅− )sin

Q
Y(cos ββµ ⋅+⋅

  
(15) 

where the left part of (15) is 

cAcos
Q
Ysin

Q
A

=⋅−= ββ
   

 
(16) 

and the right part of the same is 

cT)sin
Q
Y(cos

Q
T

=⋅+⋅= ββµ
   

(17) 

as dimensionless quantities Ас and Тс express force and it 
is expedient to call them "specific active force" and 
"specific friction force" or "specific force Ас" and "specific 
force Тс" where the definition of "specific" (or "relative") 
is justified insofar as Ас and Тс actually represent the 
relative share of real force (force group respectively) A or 
T in regard to vertical force Q (because as it can be seen in 
(17) and (16) Ac = A/Q and Tc = T/Q). 

Since the specific forces Ас and Тс are linear 
functions of the Y/Q criterion, to build the scheme or 
diagram of the processes connected with derailment, the 
coordinates of the 2 or 3 points are required but the 
coordinates of 4 or 5 node points for ongoing processes are 
known (or can be determined), namely (Fig.3): 

- for force Ac – points NN Ас0, pI, OAc, pII are 
according to Fig. 3; 

- for force Tc – points NN Тс0, pI, d1, d2, 
as abscissas Y/Q and ordinates Ac or Tc are defined as 
follows: 

For Force Ас : 
1. For the starting point Ас0 at Y/Q = 0 we define the 
ordinate from (12) with Y/Q = 0 - Ас0 = sinβ; 
2. For point РI of the I-st equilibrium state: the abscissa is 

βµ
µβ

tg.1
tg

Q
Y

I +
−

=






 ,  

and the ordinate (defined by (12)) is: 

ββ cos.
Q
YsinA

I
c 








−=  

3. For point ОАс = 0, with Ас = 0 the abscissa (determined 
by (12) with Ас = 0) is 

βtg
Q
Y

=  

4. For point РII of the II equilibrium state:  
the abscissa is 

βµ
µβ

tg.1
tg

Q
Y

Q
Y

II −
+

=







=  

and the ordinate (determined by (12)) –  

ββ cos
Q
YsinA

II
c ⋅








−=

 
For force Тс  
1. For starting point ТСо with Y/Q = 0 the ordinate is 
determined from (13) – βµ cosTc ⋅=  
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Figure 3: Scheme of the linear graph of processes occurring with derailment. 
 

2. For point РI (because it is a point of intersection 
between Ас and Тс) the coordinates have been already 
determined with examining force Ас but it is advisable (for 
checking) to determine them for force Тс in the same way 
(where the difference is only in the use of expression (13) 
for force Тс instead of that for Ас. 

3. For points d1 and d2 the abscissa is the same and 
ordinate is with mutually opposite signs "„±“" and equal 
absolute values; a jump change of the sign of force Тс is 
characteristic for Ас  in direct dependence on the sign of 
active force Ас; hence the abscissa of points d1 and d2 is 
the same as those already determined for point OAc, i.e: 
Y/Q = tgβ, and the ordinate is obtained by substituting 
abscissa Y/Q with tgβ in (13) according to the above 
dependency, i.e: 










 +
⋅=

=⋅+⋅=⋅+⋅=

β
ββµ

βββµβββµ

cos
sincos

)sintg(cos)sintg(cosT
22

c

 

and finally: 

β
µ

cos
Tc =  - for point d1, 

β
µ

cos
Tc −= - for point d2, 

4. The abscissa for point РII is: 

βµ
µβ

tg1
tg

Q
Y

Q
Y

II ⋅−
+

=







=  

and the ordinate is determined by (13) for force Тс but 
taken with sign „ – “, i.e.: 












⋅








+−= ββµ sin

Q
YcosT

II
c  

Based on the above-presented approach for 
determining the node points in the diagram of processes, 
the latter can be built with specific values of parameters β 
and μ, for instance, applying the above-presented approach 
for β = 60° and μ = 0.30, first the solution for the 
coordinates of nodal points is given as follows: 

Ac0(0; 0.866); PI(0.942); OAc(1.732; 0); PII(-4.230; 1.249);  
Tc0(0; 0.15); PI(0.942); d1(1.732; 0,6); d2(1.732; -0.6); 
PII(4.230; 1.249); 

The diagram is shown in Fig. 4 where the 
coordinates with their numerical values are written after 
indicating the points in brackets. 

Fig. 5 presents the diagram of processes related to 
derailment with parameter values β = 70° and µ = 0.25°. 

Solution: the coordinates of points. 
Ac0(0; 0.94); PI(1.48; 0.43); OAc(2.75; 0); PII(-9.57; -
2.33);  
Tc0(0; 0.085); PI(1.48; 0.43); d1(2.75; 0.73); d2(2.75; -
0.73); PII(9.57; -2.33). 

The examples shown here and some others give an 
impression that the duration of the zone "deadlock", i.e. 
the difference between the first and second boundary state 
changes within wide limits. To find the theoretical 
dependence, answering this question, it is logical to find 
the difference between (Y/Q)II and (Y/Q)I or 

βµ
µβ

βµ
µβ

tg1
tg

tg1
tg

⋅+
−

−
⋅−
+ . 

The final result of this solution is: 

βµ
βµ

βµ
µβ

βµ
µβ

22

2
III

tg1
tg12

tg1
tg

tg1
tg

Q
Y

Q
Y

⋅−

+
⋅⋅=

=
⋅+
−

−
⋅−
+

=







−









  
(14) 

i.e. it shows that the difference between the two boundary 
states (or the forming deadlock zone strongly depends on 
the slope of the flange β -forming and friction coefficient 
μ. By substituting the data of the above given example in 
(14), i.e. with β = 60° and µ = 0.30 the difference is 3.288 
as it is in the linear diagram (Fig. 4) obtained in another 
way. It is where the dual role of friction can be seen from: 
in the derailment zone friction is cutting and in the 
"safety" on it is harmful. 
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Figure 4: Linear graph of the processes related to derailment with β = 60° and µ = 0.3. 
 

 
 

Figure 5: Linear graph of the processes related to derailment with β = 70° and µ = 0.25. 
 
In some cases, the specific forces Ac and Tc is more 

convenient to define them as the ratio of A or T to Q⋅sinβ. 

β
β

gcot
Q
Y1

sinQ
AAc ⋅−=

⋅
=                 (12a) 

)
Q
Yg(cot

sinQ
TTc +⋅=

⋅
= βµ

β                
(13а) 

Then the equation/inequality (10) is: 

βµµβ gcot
Q
Y

Q
Ygcot1 ⋅+⋅≥⋅−

          
(10 а)

 
or 

r
Q
Yq

Q
Yp1 +⋅≥⋅−

                          
(10b)
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where: βgcotp = ,  µ=q , and βµ gcotr ⋅= . 
Obviously, all members of equations (10a) and 

(10b) represent projections of horizontal transverse forces, 
referred to (or separated by) Q⋅sinβ, but by origin and 
mode of action are characterized as follows: 

The first member is an active force with a return to 
normal wheel position and a value of 1 (or 100%); 

The second member is an active force with an 
outward-pushing (i.e. derailing) action; 

The third and fourth members are friction forces 
with retentive action, the first one being a variable 
dependent on the Y/Q argument. 

In Fig. 6 is a detailed linear schedule based on 
dependence (3) with parameters β = 60°, µ = 0,3, 
therefore coefficients in (10b) are p = cotgβ = cotg60° = 
0.577; q = µ = 0.3, r = µ⋅cotgβ = 0.3⋅0.577 = 0.173 and 
the type of forces functions Ас and Тс are Ас = 1-
0.577⋅Y/Q; Tc = 0.3⋅Y/Q + 0.173. 

 

 
Figure 6: Detailed linear schedule based on dependence (3) with parameters β = 60°, µ = 0.3. 

 

3. CIRCULAR DIAGRAM OF “DERAILMENT” 
PROCESS 

It turns out that there is an extremely comfortable 
geometrical interpretation of Nadal's criterion and the 
related dependencies. This is immediately apparent from 
Fig. 7, where in the Cartesian coordinate system there is 
in-built ¼ part (0° ÷ 90°) of a circular coordinate system 
with the same central point O with considering angles in 
counter clockwise direction and beginning from the 
abscissa of Q – vertical force. Horizontal force Y is 
recorded (or applied) along the ordinate axis, which 
corresponds to an angle of 90° of the circular coordinate 
system. 

Using Nadal's formula in the kind of   

)(tg
Q
Y

Q
Y

I
ρβ −=








=

    
(15) 

(where β is the angle of flange forming  in the conical part, 
and ρ - the angle of friction between the flange and rail), 
from Fig. 6 it can be seen that point РI of OM beam 
making angle (β-ρ) with the abscissa, satisfies dependency 
(15), i.e. the relationship between its ordinate YI and 
abscissa QI is actual tg(β − ρ). 

This finding – that coordinates of point РI satisfy 
the dependence (15) - it obviously refers to all points of 
OM beam, hence it is the geometric place of points with 
equal ratio between the ordinate and abscissa, ie. with the 
same value of tg(β − ρ), representing the value of angle 
coefficient of OM beam, which in turn expresses the I-st 
boundary equilibrium between the zones of safety zone 
and deadlock (friction).  

With an arbitrary, although very small, change in 
the value of ratio (Y/Q)I, it will satisfy dependency (15) no 
longer because its right part (defined by angle (β − ρ)) of 
OM beam does not change.  For example, assuming that 
the change in Y/Q ratio represents a decrease in its value 
due to the decreasing ordinate (relative to that of РI, it will 
correspond to point B for which dependency is valid: 

)(tg
Q
Y ρβ −<

     
(16) 

characterising "safety" area, which in turn refers to all 
points – for the whole area (zone) of points being under 
OM beam. 

Conversely, if the value of Y/Q ratio is increased 
regarding to (Y/Q)I, then there is dependence Y/Q > tg(β - 
ρ)  characterizing the zone of deadlock (or friction), which 
is located under OM beam being limited on the other side 
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by OS beam on the next (II-nd) boundary equilibrium 
relationship we will rely on here. 

Reasoning analogously to what has been said about 
OM beam so far, that has been applied for OS beam (Fig. 
6); each point of the OS beam with current coordinates QII 
and YII satisfies the dependency: 

)(tg
Q
Y

Q
Y

II
ρβ +=








= (17) 

Therefore, OS beam is a geometric place of points 
with "ordinate/abscissa" ratio equal to tg(β + ρ) and 
representing the beam angular factor. 

According to its functional purpose, OS beam 

represents II-nd state of boundary equilibrium between the 
"deadlock" (or "friction") and "derailment" zones. Any 
deviation of the Y/Q ratio from the value of tg(β + ρ) 
means a collapse of the equilibrium boundary state and 
falling into one of the adjacent zones: 

- or derailment zone if

)(tg
Q
Y ρβ +> (18), 

- or deadlock (or friction) zone if

)(tg
Q
Y ρβ +<  

(19)

Figure 7: Circular diagram of “derailment” process – explanation scheme. 

but since it has been found above that the zone of deadlock 
is limited by the other side, i. e. "under", from the I state of 
boundary equilibrium where (15) is in force, the condition 
of "deadlock" zone can be defined as follows: 

)(tg
Q
Y)(tg ρβρβ +<<−  (20) 

or 
III Q

Y
Q
Y

Q
Y









<<









ON beam on the diagram corresponds to the angle 
of the flange forming β and expresses an idealized state of 
boundary equilibrium - directly between the "safety" and 
"derailment" zones according to the dependency 

βtg
Q
Y

= (21), 

which would be in force at zero friction angle ρ and 
friction coefficient μ, a condition where "deadlock" (or 
"friction") zone gets narrower to a complete cancellation. 

As it can be seen from the above analytical 
dependencies and geometrical interpretation of the 
diagram, the width of “deadlock” (or “friction”) zone in 
the circle diagram is equal to 2ρ. However, attention 
should be paid that it refers to the width of “deadlock” 
zone in the circle diagram itself. With examining the linear 
schedule of force interaction in previous point 2, this 
problem (of the width of “deadlock” zone was discussed 
but in another aspect – in a force aspect and more exactly 
as a difference between the force ratios for the II and I 
state of the boundary equilibrium, i.e.  

βµ
βµ

βµ
µβ

βµ
µβ

22

2
III

tg1
tg12

tg1
tg

tg1
tg

Q
Y

Q
Y

⋅−

+
⋅⋅=

=
⋅+
−

−
⋅−
+

=







−









(22), 

hence the width of  “deadlock” zone in the linear schedule 
unlike in the circular diagram has very specific real 
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content – it shows the difference in the values of strength 
ratio Y/Q between the II and I  boundary equilibrium. 

Figure 8: Circular diagram of “derailment” process with 
β = 70° and µ = 0.25. 

The circular diagram of “derailment” process is 
given in Fig. 8 for β = 70° and µ = 0.25 (ρ = 14.0) and in 
Fig. 9 for β = 60° and µ = 0.3 (ρ = 16.7). 

Figure 9: Circular diagram of “derailment” process with 
β = 60° and µ = 0.3. 

CONCLUSION 
The first theoretical dependencies to assess safety 

against rolling sock derailment were introduced by Poshe 
as early as in 1882 and were further developed by Marje, 
Nadal, etc. The contribution of Nadal is exceptionally 
substantial because in 1908 he suggested a formula, which 
is still in use. Marje made correction in Nadal’s formula 
considering the non-attacking wheel force of friction. 

Galeev examined the whole wheel axle and worked out a 
new criterion for derailment that is the ratio between the 
horizontal transversal force and vertical one applied to the 
axle neck by the attacking wheel. 

Despite the wide popularity of Nadal’s formula of 
the criterion against derailment, it is justifiable to analyse 
this formula once again focusing on some significant 
processes and dependencies related to it.  

The paper presents the analysis of two groups of 
forces and strength functions where the argument 
(independent variable) is the so-called criterion against 
derailment. 

A graphical presentation of the zones of “safety”, 
“friction” and “derailment” is suggested. The circular 
diagrams of derailment process are built with different 
values of the angles of flange forming in its conical part 
and the coefficient of “flange-rail” friction. The graphical 
interpretations of strength factors contribute to illustrate 
the process of derailment and create additional 
convenience and possibilities for further research.  
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Oscillation of Reservoir of Tank-wagon in Dynamic Longitudinal Load 
Dragan Petrović*, Milan Bižić 

Faculty of Mechanical and Civil Engineering in Kraljevo, University of Kragujevac, Kraljevo (Serbia) 

Tank-wagons are typically designed to satisfy the static forces as well as their enlargement which is caused by the 
dynamic loads. However, sudden longitudinal impacts may cause a very rapid deformations of structural elements which 
can lead to the very complex physical phenomena. Apart from the oscillations of structural elements, changes of 
rheological properties of material, temperature changes, chemical changes, etc., may arise. During these occurrences, the 
behaviour of the structure can be completely different from the behaviour at the static load. Construction fails to obtain 
displacements that correspond to rapid changes in load, which can lead to sudden deformation of the structure. The sudden 
action of longitudinal load causes radial oscillations of reservoir. Thereby, if the load px is less than a certain value px,kr, 
these oscillations will have no increase in the amplitude of deflection around the equilibrium position. On the contrary, if 
the load px is higher than the value px,kr, amplitude of deflection increases with time and the reservoir loses stability. 
Besides, these oscillations may adversely affect the quality of running and safety of the train. Accordingly, this paper shows 
an example of tank-wagon and provides a method of determining the critical load from which an unlimited increase in the 
amplitude of deflection of the tank arises. 

Keywords: Oscillation, Reservoir, Tank-wagon, Dynamic longitudinal load
1. INTRODUCTION 

The study of behavior of elastic bodies at impact 
loads is very interesting both from the theoretical and 
practical aspects. In that case, the most expressed dynamic 
process of deformation is appeared, which may be 
characterized by a minimal number of variable parameters. 
Knowledge of the impact and values of dynamic 
parameters provides better design of the structure. In 
addition, the study of the behavior of structure at the 
dynamic load is necessary for the proper planning, 
execution and analysis of experimental research. 

The reservoir of the wagon is made in the form of a 
circular cylinder of radius R, of constant thickness h, and 
length l (Fig. 1). The reservoir is over the edges supported 
on the underframe, so the supports on one of the ends 
usually have freedom of movement in the direction of the 
longitudinal axis. In this way, it is partially protected from 
the effects of horizontal axial forces that comes from the 
buffers at the wagons impact. 

 
Figure 1: The tank-wagon 

During maneuvering and changing of the running 
regime (acceleration, braking), or impacts caused by the 
track geometry, significant loads may arise at impact of 
fluid on the bottom of the reservoir. These loads can cause 
stresses and strains which can be a threat for the structure 
of the tank-wagon (Fig. 2). 

 

 
Figure 2: The deformed tank-wagon 

2. BEHAVIOR OF ELASTIC BODIES AT IMPACT 
The behavior of an elastic body loaded by the 

forces that do not change over time belongs to the field of 
statics. Besides, this includes quasi-static cases where the 
load changes over time is slow. If the load changes over 
time are fast, as in the case of impact loads, then it belongs 
to the field of dynamics. In this case, equations of static 
equilibrium of elastic body should be replaced with the 
equations of motion. In this case, the effect of dynamic 
(impulse) load are not transferred immediately in all points 
of the body. In loaded area there are waves of stresses and 
strains that have a finite speed of propagation. As in the 
famous case of propagation of sound in the air, a certain 
point will be excited only when the wave reaches it. In 
elastic body there is not one but several types of waves 
and they have different speeds of propagation. Rapid 
changes in strains and stresses caused by the impact 
cannot be precisely determined without considering the 
wave processes. Therefore, where possible, in the 
theoretical study of behavior of the elastic body in impact 
the wave character of propagation of deformation is 
analyzed. 

However, for railway vehicles, where the complex 
geometry of the supporting structure is present and speeds 
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of impact are not so large, the model of elastic body which 
is insensitive to the speed of deformation can be formed. 
In this way, the local effects related to the triaxial stress 
state can be avoided. Thereby, the impact is defined with a 
certain speed of one of the cross-sections of the rod or 
shell and a mass ratio of the observed element and the 
load. 

Consideration of the impact phenomena in this 
manner is different from the case where the change of 
several physical factors is present and wherein the material 
structure changes are dominant. So, most of the structures 
subjected to the effects of impact can be treated in this 
way. 

3. DIFFERENTIAL EQUATIONS OF
MOTION OF RESERVOIR 

Today's constructions of railway vehicles have a 
supporting structure that is part of the polygonal shell 
which is combined with elements of beams and plate. 
Design of these structures requires a detailed study of their 
behavior. In that sense, the considerations of dynamic 
problems of railway vehicles can be found in the works of 
Timoshenko [1, 2].  

The reservoir of tank-wagon is loaded as shown in 
Fig. 3. 

Figure 3: The loads of reservoir of the tank-wagon 
The general equations of motion of the cylindrical 

shell given by the following expressions are used for 
analysis [3]: 

2
4 2

0 k 2

D q γ w(w w ) L(w,Φ) Φ
h h g t

∂
∂

∇ − = +∇ + − (1) 

[ ]
2

4
0 0 02

1 1 1Φ L(w,w) L(w ,w ) (w w )
E 2 R x

∂
∇ = − − − −

∂
(2) 

where: 
h – thickness of reservoir, 
D – cylindrical rigidity of shell, 
∇4 – double Laplace operator, 
w – deflection of reservoir, 
wo – initial deflection of reservoir, 
Φ – function of stress, 
γ – specific gravity of material, 
g – gravity acceleration, 
t – time, 
q – cross load of shell, 
E – modulus of elasticity, 
R – radius of cylinder. 

By its structure the previously given system of 
equations describing the propagation of waves of tension-
compression and bending-slipping. Given that the exact 
method of integrating of given equations have not yet been 
developed, their approximate solutions are found in the 

form of order. So, the solution of defelction of reservoir 
can be asumed as the folowing order: 

mπx nyw f(t) sin sin
l R

 = ⋅ ⋅ 
 

(3) 

where: 
f(t) – amplitude of deflection, 
l – lenght of cylinder, 
R – radius of cylinder, 
m – number of half-waves per length of cylinder, 
n – number of waves per radius. 

Experimental tests have shown that deflections of 
reservoir towards the center of curvature and from the 
center of curvature are not the same. Deflections directed 
towards the center of curvature are greater than the 
deflections directed from the center of curvature. 
Therefore, for assumed displacements w, equation (3) is 
amended with member which takes into account the 
asymmetry of amplitude of deflection: 

2mπx ny mπxw f(t) sin sin ψ sin
l R l

 = ⋅ ⋅ + ⋅ 
 

(4)

where: 
ψ – time function of correction of amplitude. 

Additionally it is assumed that the reservoir has an 
initial deflections w0, amplitudes of deflection f0(t), or the 
irregularities of the same character as well as the total 
deflection w: 

2
0 0

mπx ny mπxw f (t) sin sin ψ sin
l R l

 = ⋅ ⋅ + ⋅ 
 

           (5) 

Assumption that α mπ / l=  and β n / R=  leads 
to the following assumed total and initial deflections: 

2

2
0 0

w f ( t ) (sin x sin y sin x )

w f ( t ) (sin x sin y sin x )

α β ψ α

α β ψ α

= ⋅ ⋅ + ⋅

= ⋅ ⋅ + ⋅
 (6) 

The operators L(w,Φ), L(w,w) , L(w0,w0). 4∇  i 2
k∇

have the following shape: 
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Depending on the oscillation form of the reservoir, 
the parameters m and n are changing (Fig. 4). These two 
parameters can be influenced by structural modifications 
or installation of rings on the reservoir (Fig. 5). 

From the previous considerations, it can be 
concluded that in the case of plates and shells there is 
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mixed stress state or there are stresses from bending and 
forces (Figs. 6 and 7). Thereby, two extreme cases can be 
distinguished: 
- no-moment stress state, when the bending stresses are 
negligible in comparison to the stresses induced by the 
forces (Fig. 6), 
- pure moment condition, when the stresses induced by the 
forces are negligible in comparison to the bending stresses 
(Fig. 7).         

 
Figure 4: The different forms of oscillations of reservoir 

 
Figure 5: The rings on reservoir of tank-wagon 
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Figure 6: The normal forces N, lateral forces Q and 
tangential forces T on the element of shell 

If the radii of curvature along the x and y directions 
are denoted with ρx and ρy, the curvature of the 
corresponding surfaces will be kx=1/ρx and ky=1/ρy. 

Given in mind that their thickness is smaller in 
comparison to the other two dimensions, plates and shells 
are sensitive to the bending where there are large stresses 
and deflections. Such condition is very dangerous in 
practice, so it is natural that it should be avoided. The no-

moment condition is much more convenient, where plates 
and shells are uniformly loaded over the entire thickness 
while the external load is the most rationally transferred on 
the supports. 
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Figure 7: The bending moments Mx and My, and torque 
moment H on the element of shell   

In cases where no-moment condition cannot be 
realized it is possible to find alternative solutions. The 
stress state of a mixed type is localized at the ends of 
plates and shells (eg. on the bottom of the reservoir), while 
elsewhere there is no-moment stress state which 
significantly simplifies the mathematical operations. 

This is in connection with the term "edge effect" in 
which at moving away from the edge of shell or plate the 
stress state of mixed type significantly decreases. It is 
important to note that the source of "edge effect" can be 
not only the edge of plate and shell but also any line of 
middle surface with radical change of curve or thickness 
of plate and shell. 

4. STRESS FUNCTION 
The shell of constant thickness h with a coordinate 

system in the central plane of the shell is considered in this 
chapter (Figs. 6, 7 and 8). In order to transformation of 
three-dimensional into two-dimensional problem, the 
hypothesis of undeformed normals (Kirchhoff–Love 
hypothesis) is applied [3]. 
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 Figure 8: The deformation of shell element according to 
the Kirchhoff–Love hypothesis 

The basis of this hypothesis is assumption that each 
fiber which is perpendicular to the middle plane after 
deforming remains right and normal to the median plane, 
which causing that the length of the fiber along the length 
of the shell remains unchanged. Therefore, the normal 
stresses in direction of normal on the median plane can be 
neglected in comparison with the basic stresses. In the 
theory of the shell, the basic stresses are related to the 
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normal and tangential stresses in the central plane and in 
layers which are parallel to the central plane. This 
hypothesis is considered as the model of the first 
approximation. It is very suitable for solving of many 
static and dynamic problems while the obtained results are 
suitable for the practical use. 

In order to simplification of writing and solving the 
equations of motion of shell (1) and (2), the stress function 
Φ is introduced in the central plane of the shell. It is 
assumed that the stresses acting on the unit length of the 
shell. The relations of normal stresses (σx, σy), tangential 
stresses (τ), normal forces (Nx, Ny), tangential forces (T) 
and thickness of the shell h, with stress function Φ are 
given with the following expresions [3]: 

2
x

x 2
N
h y

Φσ ∂
= =

∂
                                                              (8) 

2
y

y 2

N
h x

Φσ ∂
= =

∂
                                                             (9) 

2T
h x y

Φτ ∂
= = −

∂ ∂
                                                              (10) 

5. STABILITY OF RESERVOIR OF TANK-WAGON   
IN DYNAMIC LONGITUDINAL LOAD 

The theoretical considerations from the previous 
chapters are applied on concrete example of the tank-
wagon (Fig. 1) with the following characteristics: 
E=21·1010 N/m2 – elastic modulus of material of reservoir, 
ν =0,3 – Poisson's ratio, 
h= 6 mm – thickness of reservoir, 
R=1450 mm – radius of cylinder, 
l=14200 mm – length of reservoir. 

For solution of equations (1) and (2), the method of 
Bubnov–Galerkin is applied [4]. In general case, the loads 
of the reservoir along the directions x, y and z are as 
follows: 
q – lateral load which is normal to the medium surface, 
px – pressure or tension load which is acting along the x 
direction, 
py – pressure or tension load which is acting along the y 
direction. 

External loads for the reservoir of tank-wagon 
along the directions x and y are as follows: 

x x

y y

p p R / 2h
p p R / h

= ⋅

= ⋅
                                                             (11) 

Solving the equations (1) and (2) is performed by 
applying the Bubnov–Galerkin method [4], wherein X is 
the following function: 

2 2
4

o 2 2
D 1 q wX ( w w ) L( w, )
h R h gx t

Φ γΦ ∂ ∂
= ∇ − − − − +

∂ ∂
         (12) 

Function X must be equal to zero for all points of 
the reservoir and must satisfy the following equations: 
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By using the boundary and initial conditions, the 
equation (12) is solved, wherein is obtained the following 
square of frequency of natural oscillations of the reservoir: 

2
0ω =

( )
( )
( )

22 2 24
2

2 22 2 2

h
c

12 1R

α βα

να β

 + + −+  

                  (15) 

The speed of propagation of elastic waves is: 

E Egc
ρ γ

= =                                                             (16) 

As is known, the reservoir has an infinite number of 
degrees of freedom. This means that the number of natural 
frequencies is infinitely large, while each frequency has its 
own form of oscillation. 

Solution of the equation (15) will be periodic if 
2
oω <0, or periodic if 2

oω >0, wherein the amplitudes of the 
deflection will increasing with time, which leads to the 
losing of stability of the reservoir. 

The diagrams of changes of the natural oscillations 
oω [Hz] of the reservoir of tank-wagon in dependence of 

change of number of waves per radius n and in 
dependence of number of half-waves per length of 
cylinder m, as well as the diagram of change of oω  in 
function of change of parameters m and n are shown in 
Fig. 9. 

Considering that yp =0, from the condition 
2

2
o krpαω

ρ
− =0, the critical load is determined as: 

( )
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kr 2 2 22 2 2

h
p E
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                    (17) 

In order of analytical determining of the minimum 
of function krp , the first derivative of the function should 
be equated with zero: 

( )
min

kr
2

h 1p E
R 3 1 ν

=
−

                                               (18) 

For the observed reservoir of the tank-wagon is 
krp min=5,259 108 N/m2, wherein minimal value of stress in 

the direction x caused by the external load is determined 
from the expression (11), as follows: 

min min 5
x,kr kr 2

2h Np p 43,52 10
R m

= ⋅ = ⋅                       (19) 

The diagram of change of the critical load in 
function of change of parameters m and n is shown in Fig. 
10, where the minimum of function krp  is marked with 
dart. 
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Oscillation of Reservoir of Tank-wagon in Dynamic Longitudinal Load 

             a) 

                 b) 

c) 
Figure 9: The change of frequency of natural oscillations 

of reservoir of tank-wagon in function of change of 
parameter n (a), parameter m (b) and                          

parameters m and n (c) 

In the case of a longitudinal impact load px(t) 
reservoir will lose stability when active load reaches a 
value px,kr=px,kr

min. Thereby, from a set of possible types of 
losses of stability, reservoir will be distorted with forming 
of m and n half-waves, which are given in the above 
diagram. If any external cause excites the distortion in 
some another form, the critical value of load px,kr will be 

greater from the minimal critical load px,kr
min along the 

direction x. 

 
Figure 10: The change of critical load krp  in function     

of parameters m and n 
At impact dynamic loading, the analysis of 

influences of shapes of oscillation on the occurrence of 
lost of stability has also been made, and the results are 
shown in Fig. 11. From the diagram it can be concluded 
that at dynamic action of load that arises at the impact of 
wagons at the speed of 19.5 m/s, critical load obtains at the 
number of semi-waves m=1 and n=4. In addition to that, 
the value of minimum critical load which the tank can 
stand is for higher at dynamic load in relation to static 
load. 

 
Figure 11: Influence of shapes of oscillation on amplitude 

of deflection of the tank for m=1 

6. CONCLUSION 
The aim of the research presented in this paper is 

related to the stability of the reservoir of tank-wagon at 
action of impulse loads. In forming the mathematical 
model, the theoretical assumptions of the nonlinear 
dynamics of plates and shells are used. Established 
mathematical model is described via the coupled partial 
differential equations which are solved by using the 
Runge-Kutta method of fourth order. The convergence of 
the obtained solutions is checked and realistic picture of 
the physical phenomena is obtained. The minimal critical 
load at which amplitude of deflection suddenly increase or 
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when the reservoir losing stability at the dynamic 
longitudinal load, is defined. 

In forming the mathematical model, the influence 
of initial deflection and oscillation forms on the stability of 
the reservoir is taken into account. If there is a possibility 
of adjusting the number of half-waves m and n, then it is 
possible to enlarge the dynamic load that can withstand a 
reservoir, without loss of the stability. 

The developed model of oscillation of the reservoir 
of tank-wagon with appropriate initial and boundary 
conditions can be applied to all types of reservoirs exposed 
to the dynamic loads. 
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Abstract: This paper presents a methodology for quantitative assessment of reliability of brake distributors of KE 
type for freight cars in Bulgaria. The dependencies for determining reliability indicators for brake distributors are derived. 
Defined are the most important indicators that are evaluated using the methodology. 
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1. INTRODUCTION 

The brake distributor is an element of the braking 
system of the freight car and the train as a whole. Its 
reliability in service significantly affects traffic safety and 
rail crossing capacity. The KE family brake distributors 
are designed and built by Knorr Bremse, they meet the 
international requirements for modern braking systems and 
are used extensively in the rolling stock deployed in 
Bulgaria. They have an important principle in which the 
distribution valve can be upgraded and supplemented with 
details according to the operational requirements of the 
vehicle in question, i.e. a composite design principle is 
applied. 

2. OVERVIEW 
Rolling stock for freight transport uses distributors 

KE 1 type. 

Brake distributors of this type are sophisticated apparatus 
built of many elements to ensure their normal operation. 
They consist of three basic building blocks: 

• Three-pressure device (command part); 

• Four-piston attachment (executive part); 
• R-charger. 

The executive and control blocks except the A 
camera are formed in the valve carrier which connects to 
the frame of the vehicle and engages the other parts. Air 
pipes are connected to the carrier. These brake distributors 
can perform the following processes: 

• Charging; 
• Graduated application; 
• Ceasing application; 
• Full application; 
• Emergency application; 
• Graduated release; 
• Ceasing release; 
• Full release; 
• Automatically supplementing the brake cylinder 

losses. 
The assessment of the reliability indicators of the 

brake distributors shall be carried out taking into account 
the particulars in service as well as the system of 
maintenance and repair of the freight cars. On this basis, 
tests are carried out on the quantitative assessment of the 
reliability of the brake distributor valves used in Bulgaria. 

To test the reliability of this important for the 
proper functioning of the braking system of the fright cars 
and their overall operation it is necessary to specify and 
refine the reliability indicators on which it will be 
assessed, the assessment criteria and the elements of their 
structure that should follow be subjected to a study to 
obtain quantitative characteristics giving a clear picture of 
the level of reliability of these devices as a whole. 

 

3. DEFINING THE INDICATORS OF RELIALIBILITY 
The reliability of products is their ability to perform 

set functions by preserving over time the values of certain 
metrics corresponding to set modes and conditions of use, 
maintenance, repairs, storage and transportation. Rail 
safety vehicles should also include "ensuring traffic safety 
under complex operating conditions". 

Reliability is a complex property of the research 
object which, depending on its purpose and the conditions 
of its operation, is determined by the following basic 
properties: 

• Faultlessness – feature of the object continuously 
maintains its working capacity for a certain time 

Figure 1: Distributor valve KE 1 
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or work. Under the notion of continuously for 
rolling stock is understood – without forced 
interruptions for the elimination of failures in the 
periods between scheduled technical servicing 
and repairs. Two groups of uniform objects 
observed under the same operating conditions 
have higher flammability rates than those who 
have received a lower number of failures in the 
same continuous period of continuous work. 

• Durability – feature of the object to preserve its
working capacity until a borderline condition
occurs under a certain system of maintenance and
repair. From two groups of the same type of
surveyed objects under the same operating
conditions and maintenance and repair systems, a
greater durability has the one at which the
boundary state of the subjects occurs later.

• Repairability – feature of the object, expressed
in adaptability to prevent and detect the causes of
failures and damages and to eliminate their
consequences by performing repairs and
maintenance. It can be divided into two parts:

o Ability to alert and detect failures;
o Ability to remove failures;

• Storability – feature of the object to constantly
preserve the proper condition for work during and
after the storage or transport under specified
conditions.

The reliability and durability are taken into account 
as quality characteristics of the brake distributors in the 
braking performance of the train. The properties of 
repairability and storage are of no interest in terms of the 
operation of the functional valves of the rolling stock. The 
quantitative indicators of reliability measured during the 
research are: 

• For non-recoverable details:
o Probability of fail-safe operation, 

respectively the probability of failure:

where: 
N – Number of items at the start of the 

observation; 
n(t) – Number of failures at the time t. 

o Frequency of failures - probability of
occurrence of failure per unit time;

o Intensity of failures - conditional density of
the probability of rejection immediately after
the moment t, provided that no withdrawal
has occurred so far;

o Average work-up to refusal:

• For the distributor as a whole operating as a
recoverable item: 

o Average workout between failures:

where: 
tij – Time (work) between (j – i)-th и j-th failures of 

the i-th element; 
ni – Total number of received failures in the i-th 

element; 
N – Total number of elements under observation. 

o Fault flow parameter:

where: 
Δn(t) – number of all failures in the range Δt. 
Quantitative indicators for durability are 

measured only for the distributor valve as a whole because 
it acts as a recoverable product, while most of its 
components are details of the first failure, i.e. non-
recoverable, and the features of faultlessness and 
durability coincide at them. 

The durability indicators are: 
• Resource Тр – work-up of the object from the

start of operation or from its restoration to
reaching its border condition;

• Operating period Те – calendar duration of the
operation of the object from the beginning of its
operation or the restoration after major overhaul
until its border condition;

• Gamma Percentage Resource Трγ – work-up,
during which the object will not reach its border
condition with the probability γ %.

Failure of the distributor valve means the loss of 
ability to carry out to the required extent the normal 
operation of the brake and the negative impact of these 
processes on the train, such as: 

• Lack of application;
• Lack of release;
• Self-application;
• Self-release;
• Unable to perform graduated release;
• Delayed application;
• Delayed release;
• Inability to supplement the brake system failures.

The failures of the distributors in service, taking
into account the specificities of operating and servicing the 
brakes, can be conventionally divided into visible and 
hidden. The first ones result in the brake failure of the 
entire car and are determined in the operating conditions 
when performing the braking tests, in most cases visually 
(for example, in the position of the piston rod piston rod). 
These include Lack of application, Lack of release, Self-
application, Self-release and so on. In these cases, as a 
rule, the distributors shall be removed from the car and 
replaced with other ones that are in working condition or 
the brake of the car shall be isolated. If these signs are 
missing, in the absence of faults on the other parts of the 
car braking system, the distributor is considered to be 
upright, i.e. provides the required braking pressure on the 
wheel. 
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Hidden failures refer to different deviations from 
the characteristics of the distributors from the established 
norms that cannot be determined in the operating 
conditions without a special check. For this reason, 
assessing the reliability of the distributors for such failures 
can only be practical in qualitative terms. 

A quantification of the faultlessness of distributors 
in operation can be given on the basis of statistics on 
apparent failures, which is also the basis of the 
methodology for gathering information on the condition of 
these apparatuses. 

The observing and inspection of the work of the 
distributors are carried out on cars in the trains of the 
freight trains located in the starting stations, when carrying 
out complete braking tests carried out according to the 
requirements of the normative documents. Inspection data 
is placed on work cards, and then downloaded. Consider 
the types and modes of operation of the distributors, the 
number of apparatuses switch on and in good condition 
ones, the failures in their work. 

In order to specify the information received, the 
method provides for the stroke of the piston rod and for 
the preliminary work on the removal of the compressed air 
passages in the connection of the distributor valve with 
them so as not to affect the evaluation of the operation of 
the apparatus. The methodology provides for an 
observation of the cars from the end of the train to the it’s 
beginning. This is caused by the fact that in this part of the 
train, due to faults from the main air pipe, the distributors 
are in the most unfavourable conditions in terms of their 
operation. In addition, when checking the front of the 
train, the performance of the compressed air may influence 
the performance of the distributor (non-uniform air 
consumption at loosening the brake under different 
conditions). 

At the same time, such an approach makes it 
difficult to detect the brake’s lack of application at the end 
of the train, since, depending on the length of the 
composition and the density of its braking system, delayed 
release may qualify as lack of release. Practice shows that 
the distributor’s lack of release occurs much less 
frequently than other malfunctions. Additionally, 
removing the flaws prior to the test of distributor valve 
allows the lack of release due to undershooting or losing 
the apparatus's density to be excluded. Therefore, the 
release characteristic is marked according to the method as 
normal or apparently delayed compared to adjoining 
devices checked. 

To obtain confidence values of the reliability, the 
volume of the sample should be large enough: 

 
where: 

P – Probability of occurrence of a separate event; 
Q – Probability of non-occurrence of a separate 

event; 
ε – Permissible error,%. 

The dimension x2 is given by a table for values of 
the integral of the probability at the determined 
(confidence level) probability on the assumption Q. In this 
case it is accepted P=Q=0,5. The value of x at Q=0,99 is 
x=1,5758; at Q=0,95 x=1,96. For the indicated values of 

P, Q and x a plot of the dependencies of the number of 
investigated apparatuses n of the permissible error ε in 
confidence probabilities is 0,99 (1) and 0,95 (2) (Figure 2). 
It is evident from the figure that in order to obtain the 
result whose average value would be different from the 
real one with a probability of Q = 0,99 with no more than 
3%, it is necessary to study about 1850 distributor valves, 
at ε = 5% to be tested at least 660. 

A tolerable error is assumed in determining the 
reliability of the distributer valves as a whole for each 
study period of no more than 2% at a confidence level of 
0.99 and with a relative number in use of not more than 
5%. According to that and also taking into account the 
number of supposed observation points, the methodology 
envisaged to examine at each point a total of 500 
distributors for the entire study period. 

The study of the condition and work of the 
distributor valves is carried out at train stations. 
It is necessary to specify how many distributors work in 
the freight train mode – G and how many in the passenger 
train mode – P. 

The received distributor status data in use is used to 
determine the reliability indicators that are considered 
probability Pi or absence Qi of a particular sign: 

Figure 2: Dependence of requirement 
quantity tests n on tolerable error with a 
confidence probability of observations 
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where: 
Ni – Total number of PVs examined, considering 

the presence or absence of the i-th sign; 
ni – Number of distributors with the i-th sign. 

In the present case, the aforementioned conditions 
of distributor valve leading to deviations from its normal 
functioning are considered to be signs. The probabilities Pi

and Qi are determined as follows: 
• The probability of distributor being in one or

other state is determined by the total number of
distributors tested;

• The probability of failure or lack of failure – by
the total number of distributors included;

• The probability of normal or delayed release, as
well as the impossibility or delay of completing
the leakage – by the number of distributors with
normal release.

The probability of a faultlessness operation of the 
distributor is considered as the main reliability indicator, 
i.e. loyalty to the lack of obvious failures. The probability
of a failure (self-release, lack of application, partially
delayed release, etc.) is used to analyze the performance of
the distributor at different periods of observation and
comparison with other types of distributors.

As the trains have been tested in the process or 
before their departure, the traceability indicators generally 
characterize the performance of the distributors during the 
freight train operation. 

4. CONCLUSIONS

The methodology makes it possible to assess the 
reliability and durability of brake distributors as one of the 
most important elements of the freight wagon braking 
system. The resource estimation and the probability of 
faultless operation of the instrument as a whole and its 
individual elements can be made through the quantitative 
evaluation of the reliability indicators. 
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Abstract 
Operational Program "Transport and Transport Infrastructure" (OP "TTI") 2014-2020 is continuation of  OP 

"Transport" 2007-2013 and it is developed and based on a series of relevant documents in line with the applicable 
community and national strategies and policies. It was prepared and based on the needs defined in the analysis of the 
current state of the transport sector in Bulgaria, made for the purposes of the program. 

The strategy of OP "TTI" 2014-2020 foresees the completion of major national and European transport routes in 
the country. 

The main part of the railway infrastructure in Bulgaria was built in XX century. With the changes after 1989 there is 
almost full advantage of road transport. 

In the developed report is analyzed one of the national priorities of the Operational Program "Transport and 
Transport Infrastructure" (OP "TTI") from 2014 to 2020 - to improve and enhance the competitivity of rail transport in the 
country. 
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1. INTRODUCTION 
The first railway line in Bulgaria is the Rousse - 

Varna line, built in 1866. 
Main railway lines were built at the end of the 19th 

and early 20th centuries. Particularly intense is their 
development after World War II until 1990. During this 
period industrial and civil construction intensively unfolds. 
In order to absorb the fast growing passenger and freight 
transport, a number of measures are being taken to 
increase the throughput and transport capacity of the 
railway lines. The main railway lines are doubled: Sofia - 
Gorna Oryahovitsa - Varna, Sofia - Plovdiv and part of the 
Plovdiv - Burgas line Much of the rail network is 
electrified. All the nodal, passenger, freight and 
distribution stations have been reconstructed and 
modernized. Route-relay, stationary, dispatching 
centralizations and many other facilities have been put into 
operation. More than 1500 passenger and several freight 
wagons have been produced in the country's railway 
plants. 

After the socio-economic changes in the country 
after 1990 there is a reverse trend in the development of 
the railway transport in Bulgaria. Both the number of 
trains carrying passengers and the number of wagons in 
one line were reduced. For example, From 6 to 10 wagons 
on a fast train until 1990, only 3-4 wagons nowa day. 
Trains run only with 1 wagon. Passenger traffic has 
decreased for a number of reasons: a small number of 

large-scale trains between them, a long journey, a poor 
state of comfort. The journey does not include bedrooms, 
couch wagons and buffets. At the result the lowered 
passenger traffic has sharply reduced revenue. The State 
contributions to compensate for reduced revenue from 
ticket travellers a "reduced tariff" for students, retirees and 
railway employees are insufficient and non-regular. 

The situation with international trains is same.  
International trains from Sofia to Belgrade, Bucharest and 
Istanbul run only 2 wagons and the three Thessaloniki 
trains are cancelled. With a number of regulations an 
almost complete advantage of road transport is provided, 
the formation of unfair competition by the road carriers. 

The share of passenger travel by rail for 2011 is 
11.9% of all journeys, and the share of freight transported 
by railway transport is 9.3% [2].   

One of the indicators characterizing passenger 
transport is the number of far trains carrying passengers 
departing from Sofia for the different directions [3].   

 
Figure 1 shows the number of long distance passenger 
trains departing from Sofia Station for the period from 
1935 to 2015. 
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Figure 1: Far passenger trains departing from Sofia station 

The volume of freight traffic is an indicator of the 
activity of the railways. 

Figure 2 shows the volume of loads transported by 
railway during the period from 1935 to 2015 
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Fig.2. Loads transported by rail 

Bulgaria's accession to the European Union 
reinforces the need to use territorial factors for growth and 
sustainable development. These objective realities require 
Bulgaria to pursue a regional policy aimed at reducing 
inter-regional disparities in employment and incomes of 
the population and, above all, in implementing regional 
and cross-border cooperation.  

For the first programming period 2007 to 2013 
seven operational programs were funded with EU funds 
through the three Funds: European Regional Development 
Fund (ERDF), European Social Fund (ESF), Cohesion 
Fund (CF). Operational Program "Transport" 2007-2013 
has been developed following an analysis of the current 
state of the transport sector in Bulgaria. 

Operational Program "Transport and Transport 
Infrastructure" OP (TTI) 2014-2020, is a continuation of 
OP "Transport". Its strategy is to complete the main 
national and pan-European transport routes on the territory 
of the country. 

The elaborated report analyzes one of the national 
priority areas for the Transport and Transport 
Infrastructure Operational Program (TTI) 2014-2020 - 
improving and increasing the competitiveness of the 
railway transport in the country. 

2. OPERATIONAL PROGRAMS AND PRIORITIES:
Rail transport is the main mode of transport in all 

industrialized countries in the world. Its advantages over 
other modes of transport are: 

 Proposes environmentally cleaner transport
 Transport of larger volumes of cargo
 Much safer transportation
 Less expensive transport
 Higher energy efficiency
 Railways use 2-3 times less land for its

activities.
In the OP “Transport“ 2007-2013 and the 

Operational Program “Transport and Transport 
Infrastructure”  (TTI) 2014-2020 a number of measures 
have been identified in the railway sector of the transport 
infrastructure. The aim of these measures is to overcome 
the decline in its development over the past few decades. 

The main directions in the development of this area 
are dictated by the following factors: 

 The main railway infrastructure in Bulgaria is
built;

 High degree of electrification and the density of
railway lines;

 Cross-country location of the country, enabling
the development of transit traffic in the
direction of the Pan-European transport
corridors;

 Available strategy for development of
intermodal transport;

 High professional staffing potential;
 European policy supporting development;
 High degree of harmonization of transport

legislation related to rail transport with that of
the EU;.

 More environmentally friendly and safe than
other modes of transport;

Fig. 3. Map of Europe  

The weak places in the available infrastructure are: 
 Unsatisfactory technical condition and level of

maintenance of the existing railway
infrastructure, obsolete technologies
incompatible with those of the European Union;

 Too low traffic, which does not provide funds
for the standard maintenance of the built
infrastructure;
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 Lack of railway lines allowing speeds of 160 
km/ h for passenger transport and 120 km/ h for 
freight; 

 Morally and physically outdated transport  park; 
 Low degree of market development of rail 

compared to other modes of transport; 
 Failure to reach the design speed in much of the 

railway infrastructure;  
 There are limitation gauge restrictions 

associated with tunnels, bridges, etc. when   an 
appropriate rolling stock have been used. 

 Rail-to-road inequality. 
 

The strategy of OP “TTI” 2014-2020 envisages the 
completion of major national and pan-European transport 
directions on the territory of the country. The main 
investments are directed towards the infrastructure projects 
with an advanced degree of implementation, mainly 
funded under OPT 2007-2013, aiming at the maximum 
completion of their modernization or their completion. 

The priorities of OP (TTI) 2014-2020 related to the 
development of the railway sector are: 

A) Development of the railway infrastructure on 
the "core" Trans-European Transport Network, 
development of cross-border relations with neighbouring 
countries; 

B) Development of the infrastructure needed for 
intermodal transport. Reconstruction of key station 
complexes along the main railway lines;. 

C) Innovation in management and services - 
implementation of modernized infrastructure for traffic 
management, improvement of safety and 
Transport security"; 

D) Developing environmentally friendly, EU-
compliant, rail freight and passenger transport modes and 
technologies, reducing the negative impact of transport on 
the environment and human health. Creating the right 
conditions for sustainable transport growth with increased 
energy efficiency. 

 
Pr.1. Development of railway infrastructure on the 

"main" Trans-European Transport Network, development 
of cross-border relations with neighbouring countries. 

 
 

 
Fig. 4. Map of the railway lines in Bulgaria 

 

The main directions under OPTI 2014-2020 are: 
 Dragoman (Serbian border) – Sofia – Plovdiv – 

Burgas/  Svilengrad (Turkish /Greek border);  
Within the framework of the OPT 2007-2013 
were financed and are in the process of 
Completion of investment projects on part of 
sections of the railway lines. The outher part is 
provides for funding From the Connecting 
Europe Facility.  

 Vidin (Rumanian  border); – Sofia – Kulata  
(Greek border);  ; 

 Sofia – Radomir – Gyueshevo (Macedonian 
border);  

 Sofia – Mezdra – Gorna Oryahovitsa;  
 Russe – Stara Zagora – Dimitrovgrad 

 
It is necessary to build rail links with the 

neighbouring countries with the same exploitation 
characteristics, which ensure fast and safe travel for longer 
distances from and through Bulgaria. During the 
programming period 2007 - 2013, a large part of the route 
"Eastern/Mediterranean" corridor from the main TEN-T 
network to Turkey is completed, which ensures greater 
reliability and quality of the transport services on the route 
Sofia - Plovdiv - Istanbul. During the period 2014-2020 
the activities for complete completion of this part of the 
corridor will be continued through the modernization of 
the sections on the Sofia-September railway line. 

Cross-border links to Romania are expected to be 
significantly improved with the construction of the 
Danube Bridge 2 (Vidin-Calafat). The next steps are the 
planned modernization in the period 2014 - 2020 of the 
first part of Vidin - Medkovets from the Vidin - Sofia 
railway line. 

Contributing to improving the cross - border 
relationship with Serbia is the realization of Project 
"Modernization of the railway line Sofia - Dragoman" for 
which they are carried out feasibility studies. Conceptual 
designs have been developed and prepared cost - benefit 
analysis (CBA). The preparation have been done with 
funds from OPT 2007-2013 and at the end of 2015 
complete design readiness is achieved. 

By realizing the modernization projects of the Sofia 
- Kulata railway line (in the regions Sofia - Pernik - 
Radomir and Radomir - Kulata), cross-border relations 
with Greece will be significantly improved. 

The Radomir-Gyueshevo railway line is part of a 
major link to Macedonia. It is planned to prepare the 
project "Modernization of Radomir - Gyueshevo Railway 
Line" in the period 2014 - 2020, including updating of the 
conceptual design, elaboration of detailed development 
plans. 

 
Pr.2. Development of the infrastructure needed to 

implement intermodal transport (in transport cargo and 
for passengers). Reconstruction of key station complexes 
along the main railway lines 

 
The analysis of OP "Transport" in this sector 

outlines the following: 
Several Trans-European Transport Corridors (IV, 

VII, VIII, IX and X) pass through the territory of Bulgaria 
The main routes for domestic and international intermodal 
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transport coincide with the directions of the Bulgarian 
sections and the directions of the main and extended trans-
European transport network. There are a need for the 
potential for the organization of a combined transport 
sector. However, all existing intermodal terminals are 
inadequately used. Intermodal operators are poorly 
equipped as regards intermodal rail wagons. 

The existing park of freight wagons is primarily 
adapted for transporting ISO containers. There is a lack of 
road equipment that can be operated by a TEU carrier 
(containers, carrier-carriers) for Ro-La and Ro-Ro 
techniques. Typically, the combined traffic flow 
(containers and cell phones) amounts to less than 0.5% of 
total traffic, which is extremely low compared to about 4% 
in Western European countries. 

Fig. 3.  Map of Europe with major transport corridors 

At present, the combined transport services market 
on the territory of Bulgaria is not well developed.  Most 
containers are loaded and unloaded at the port of Varna 
and are not transported further on the territory of the 
country as container shipments. There is a limited flow of 
road transit containers and also a limited number of 
containers by rail. There is only one single train / regular 
train for containers or combined transport, Sofia-
Thessaloniki / which was put into operation in 2003. 
Another stream of containers exists between Plovdiv and 
Burgas, Varna and Maritsa East. 

To increase the use of intermodal transport it is 
necessary   [2]: 

 Development of the network of terminals
meeting the requirements for modern freight services to 
ensure better coordination between the different modes of 
transport in the direction of the development of intermodal 
services, establishment of reliable and fast rail connections 
between the terminals. Needs assessment points to the 
necessity of building terminals in Sofia as well as in 
Southeastern, North-East and North-West planning 
regions, 

 Development of intermodal connections
between ports and the rail network in order to promote the 
potential growth of trade and transit traffic, 

 Expansion and development are the storage
areas of many freight terminals. 

 Improved access to passenger transport at key
stations. 

Fig. 4. Map of intermodal terminals in Bulgaria 

The objective of this investment priority is: 
 Via the construction of intermodal freight

terminals, conditions are created for the integration of 
different modes of transport and efficient use of the 
specific advantages of individual species in a single 
multimodal transport chain. 

 Reconstruction of key station complexes This
is necessary for: 

- improvement of the functional requirements for
carrying out the main activities related to train
movement management,
- creating conditions for providing higher quality
of service to customers - passengers and carriers. 

The reconstruction of the station complexes helps 
to improve the intermodality of the passengers by linking 
the station complexes with the other types of transport - 
metro / bus / air, as well as through a communication 
solution for the transport and pedestrian connections of the 
station complex. 

At the same time, the station is brought in line with 
the requirements of the normative framework for building 
an accessible environment in the urbanized territories. 
Measures are being taken to increase the energy efficiency 
of public spaces, to introduce intelligent modern systems 
for passive and active systems of heating, air conditioning, 
lighting, information, etc. 

The advantages of the railway infrastructure, the 
infrastructure and the analysis of the Operational programs 
“Transport” 2007-2013 and “Transport and transport 
infrastructure” 2014-2020 show the potential of today's 
generation to work towards the preservation and further 
development of the railway sector. 

The fall in demand for rail transport services is 
partly due to external factors such as the demographic and 
financial crisis. 

The need to develop passenger and freight rail 
transport in the future is essential for the following 
reasons:  

 overload of road infrastructure;
 from high prices of automotive fuels;,
 the national policy for environmental

protection;
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 Increasing traffic safety.  
On the other hand, by improving the technical and 

operational state of the main railway infrastructure, the 
transport infrastructure will also have a significant impact 
on the efficiency of the search for passenger trips and 
freight transport by rail within Bulgaria. Demand for the 
service will contribute to the accumulation of funds for its 
maintenance. 

 The good infrastructure is the basis for the 
successful integration of the Bulgarian transport system 
into the European one and for the change in the 
distribution of the international flows passing through the 
country by volume and by type of transport. 

The benefits of the OP“TTI“ (in particular 
development of intermodal transport for passenger and 
reconstruction of key stations) interventions will have the 
following effect: 
 At the Operational Program "Human Resources 

Development" and Operational Program "Rural 
Development" will contribute to the development 
of the economy and to raising the living standards 
of the population in accordance with the objectives 
of the “Europe 2020” Strategy. 

 Reducing rural poverty in rural areas. 
 Growth by improving the connectivity of the 

regions and opening new jobs, especially in the 
more lagging regions of the country. (In the first 
half of the programming period 2007-2013 the 
main challenges in creating and preserving the 
administrative capacity are associated with a 
shortage of human resource with the necessary 
level of competence, high level of 
staff turnover, lack of training, incentives and 
incentives material and technical conditions for the 
work of the employees whose functions are 
directly related to the preparation, implementation 
and control of OPT 2007-2013 projects). 

 
Pr.3.  Innovation in management and services - 

implementation of modernized infrastructure for traffic 
management, improvement of safety and 
Transport security  

Operational Program Transport is aimed at 
developing the transport infrastructure in Bulgaria and 
adapting it to the European one. But once built, it is 
necessary to lay down measures to preserve the newly 
built and modernized railway infrastructure throughout the 
lifetime. To this end, the maintenance and operation 
system should be improved. 

There are necessary to input some measurement to 
increase efficiency in the operation and maintenance of the 
railway infrastructure, incl. built with Structural and 
Cohesion Funds The EU.  

 the formation and implementation of the new 
tariff policy and the elaboration of a market-oriented 
methodology for the formation of the fees for access and 
use of the services in the railway infrastructure. 

 the completion of the project "Design and   
Implementation of a Resource Planning and Management 
System in the National Company “Railway 
Infrastructure”, which concerns the basic business 
processes, related to resource management and planning, 

incl. The management of railway infrastructure 
maintenance. 

 
Under OPTTI 2014-2020, the financing of 

investments in the input intelligent traffic management 
systems, improve safety and security of transport. 
The Activities aiming at the deployment of Intelligent 
Management Systems Traffic, improving the safety and 
security of rail transport is based on two key strategic 
documents: 

 
 "Strategy for Implementation of the Technical 

Specifications for Interoperability for the 
Conventional Railway System in the Republic 
of Bulgaria 2013 - 2030"), Which contains 11 
strategies for the individual subsystems, as well 
as a common strategy; 

 "The Strategy for the Implementation of the 
European Governance System  Railway Traffic 
(ERTMS) in the Republic of Bulgaria "and" 
The National Plan for the implementation of the 
European rail management system Traffic 
(ERTMS) " 

 
Pr.4.  Developing environmentally friendly, EU-

compliant, rail freight and passenger transport modes and 
technologies, reducing the negative impact of transport on 
the environment and human health. Creating the right 
conditions for sustainable transport growth with increased 
energy efficiency. 

Operational program “Transport and Transport 
Infrastructural”   will have a specific contribution and 
impact on national aims at the climate change policy. The 
main sources of greenhouse emissions are:  

 The privatization of road transport;  
 The significant reduction of subsidies for rail 

transport;  
 The closing down of railway routes; 
That leading to a change in the structure of 

transport - from rail to road.  
The most significant contribution is made to the 

increase in greenhouse gas emissions by private cars, 
followed by heavy goods vehicles. In 2009, passenger and 
heavy goods vehicles are the source of 60% and 21%, 
respectively emissions in the sector. 

OP”TTI” envisages as a concrete direct effect 
contributing to the achievement of national climate change 
targets - increasing the share of rail transport and 
construction of intermodal terminals for combined 
transport.  

 
CONCLUSION 

 
The development of the railway infrastructure is a 

responsible task for modern Bulgarian society. On the one 
hand, it is an essential part of the integration of national 
and European transport, increasing the competitiveness of 
the Bulgarian economy. On the other hand, it is a duty to 
preserve the efforts and resources of the previous 
generations - the main part of railway infrastructure has 
built early 20th centuries. 
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Its efficient use will help solve the increasing 
problems of traffic safety, congestion and environmental 
protection.  

Successful investments by the nowadays generation 
are a pledge for the future development of the country. 
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Study of the Interaction "Wheelset-track" of the Attacking Wheelset of 
Tram Bogie Type T81 in Exploitation in Sofia  
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In this material the interaction during the process of derailment of the attacking tram wheelset from tram bogie T81 
and a track with gouge 1009 mm build with grooved rails in a curved section of the road has been examined. Various vari-
ants of "wheelset-track" interaction occurring under real operating conditions have been modelled. The contact points be-
tween the wheels and the rails have been determined when the wheelset enters in the curve, as well as the contact points 
during the process of derailment have also been determined. The experiments were carried out in operating conditions at 
the deflection wheel in the neighbourhood of Iliyantsi, Sofia. It has been found that in a track gauge with the size of 1025 
mm in a curve with a radius of 24 m the directing force is implemented at the point of contact of the non-operative side of 
the flange of the inner wheel with the inner rail.  This is a possible explanation for the lack of cases of derailment in a par-
ticular curve despite the borderline wear on the rails. 

Keywords: tram, wheelset, railway track, wheelset entry, derailment 
 

1. INTRODUCTION 

Derailment has a particular place in railway acci-
dents. In the analysis of the dynamic behaviour of railway 
vehicles, two groups of problems are the most important: 
the wheel-rail interaction in the straight stretches of road 
and problems experienced in curved sections. In the 
movement of wheelsets there are very intense vibrations 
and forces of interaction at the contact points, which has a 
very negative impact on comfort, at certain speeds they 
can lead to instability of the movement and also cause 
wear on the wheels and rails. When moving in a curved 
section of the road the forces of interaction in the contact 
"wheel-rail" and the present angle of attack between the 
wheel and rails may reach reach such values in which very 
intense wear appears, appearance of defects and break-
downs on the chassis of the vehicles and the track is also 
possible, as well as violating the safety of movement with 
the appearance of derailment. [1, 2, 3]. 

It has been proven that a number of factors affect 
the derailment process - forces, geometric characteristics 
and road and wheel condition [1, 2, 3, 4, 5, 6]. At the same 
time, all cases of derailment are unique in their course. 
When changing some of the factors during the process, it 
may slow down or even cease. Observations show that in 
the case of grooved rails, the derailment process may be 
interrupted by turning the wheelset back into the track or 
by repeating the stage of the first climbing the flange on 
the rail several times.  

The studies of the mutual influence between the 
chassis and the rail track in Sofia show that there are no 
derailments in the presence of large wear on the rails. 

2. GENERAL 
To track the contact between the rail track in the 

curve and the attacking wheelset of tram bogie T 81 three 
distinct cases have been chosen.  

a. Track with new grooved rails Ri60N in a curve with 
radius R = 20 m (figure 1.) and wheelset with nominal 
dimensions and wheel tyre profile Т81 (figure 2.);  

b. Actual track (figure 3.) – deflection wheel in the 
neighbourhood Iliyantsi, curve with radius R = 24 m 
with marginal worn grooved rails and wheelset with 
nominal dimensions and wheel tyre profile Т81; 

c. Actual track – deflection wheel in the neighbourhood 
Iliyantsi, curve with radius R = 24 m with marginal 
worn grooved rails and wheelset with characteristic 
wear on the wheel tyre of the trams operating primarily 
in this direction (figure 4.).  

 
Figure 1: Track – variant А. 

 
Figure 2: Wheel tyre profile Т 81. 
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Figure 3: Track – Deflection wheel of trams in Iliyantsi, 
Sofia. 

Figure 4: Wheel tyre profile of improperly worn wheels. 

It is assumed that the wheelset is in the left-hand 
curve on half of the bogie base - 800 mm from the axis of 
the curve in "entry" position with a three-point contact 
(figure 5.). The following positions simulate the climbing 
of the wheel flanges on the head or flange of the rails. The 
wheel set moves with a 1 mm step forward along the axle 
until the points of contact of the two wheel flanges cross 
the tops of the curves of the rails in transverse direction. 
At the same time in all subsequent situation the wheelset 
rotates at an angle 0,155ϕ = ° , which defines an arc on the 
top of the flange which is 1mm long.  The entry position 
of the wheelset is considered to be zero, and each subse-
quent position has a sequential number. In the beginning 
of the derailment process from the point where the driving 
force is realized 

RfK  to the point which is the first from 
the process of climbing on the rail 

1RfK , it is assumed that 
the wheelset rotates around a single contact point and it’s 
axle is positioned over point 

1RfK . 
Determined are the contact points between the 

wheelset and track for each position of the wheelset 
moved in the direction of travel. Determined are the values 
of the tilt angle of the wheelset γ  relative to the axis n  as 
a result of the climbing of the wheels on the head and 
flange of the rails for each position.  

The coordinate system for the track 
1O xyz  (figure 

5.) starts at the crossing point of the axis of the track in a 
plane of control points of the track gouge for each of the 
test positions. The starting point of the coordinate system 
of the wheelset 

2O mnk  (figure 6.) is it’s geometrical cen-
ter. 

Figure 5: Coordinate system of the track. 

Figure 6: Coordinate system of the wheelset. 

The track gouge of the Sofia railroad is 
1009SfS mm= , the examined curves are with an added 

standard widening c∆ . The elevation of the outer rails is 
not taken into consideration.  

Based on the obtained coordinates of the contact 
points on axes y  и z  for track n  and k  for the wheelset 
in the process of derailment graphs have been built for the 
trajectory of which the contact points are positioned. De-
termined are the equations of the obtained graphs with 
their respective coefficients of determination. 

3. VARIANT А.
Track with new grooved rails Ri60N in a curve 

with radius along the track axis R = 20 m and wheelset 
with nominal dimension and wheel tyre profile Т81. 
Track gouge 1016Sf cS mm+∆ = .  

Figure 7: Position of an attacking wheelset T81 when 
entering in a curve with R = 20 m. 

When entering the curve (figure 7), the wheelset 
contacts the track at 3 points. The left wheel at point 

LK  
on the conical surface of the wheel tyre. The right wheel 
has two contact points – 

RK  on the conical surface of the 
wheel tire and 

RfK  on the flange. Table 1 shows the coor-
dinates of the points in the two coordinate systems and the 
tilt of the wheelset in the "entry" position. 

The derailment process of this variant is carried out 
in two stages. The first step (Figure 8.) is to climb the 
outer wheel on the rail head while the inner wheel starts to 
contact the inner rail flange. 
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Table 1: Coordinates of the contact points in the "entry" position for variant A.  
coordinate system 

1O xyz  
Left rail Right rail 

Point x  y  z  Point x  y  z  
LK  0,00000000 -531,36901484 -8,55778172 RK  0,00000000 531,0395776 -8,54051096 
    RfK  45,67454723 506,6582166 3,96013227 

coordinate system 
2O mnk  

Left wheel Right wheel Wheelset 
Point n  k  Point n  k  ϕ  γ  

LK  -535,14420841 349,78281124 RK  527,2643039 350,1957795  0,02134000 
   RfK  500,21935700 365,5488853 7,17774419  

 
In the first stage of derailment, the curves of the 

contact point describe a graph with equations (1) for the 
left wheel and (2) for the right on axes y  and z . In the 
coordinate system of the wheelset on axes n  и k  the graph 
is described with (3) for the left wheel and (4) for the right 
one.  

3 2

2

0,0056 8,985 4787 850125;
0,9997

z y y y
R
= + + +

=
 (1)  

 
3 2 6 8

2

3,1305 4763,1 2.10 4.10 ;
1

z y y y
R
= − + − +

=
  (2) 

9 3 5 2

2

9.10 10 0,06 379,2;
1

k n n n
R

− −= + + +

=
  (3)  

 
3 2 6 8

2

1,7789 2666,6 10 2.10 ;
1

k n n n
R
= − + + +

=
 (4) 

In the second stage of the derailment, an ascent of 
the inner wheel flange on the rail flange starts. 

For the second stage the curves of the contact point 
describe a graph with equations (5) for the left wheel and 
(6) for the right wheel on axes y  and z . Accordingly the 
curves of the contact points on aces n  и k  describe the 
graph with equation (7) for the left wheel and (8) for the 
right wheel. 

3 2

2

0,001 0,01 0,26 1,57;
1

z y y y
R
= + + +

=
  (5)  

 
3 2

2

0,006 9,2193 4756,8 81815;
1

z y y y
R
= − + − +

=
 (6) 

3 2 7

2

0,5688 823,76 397655 6.10 ;
0,9998

k n n n
R
= − − − −

=
 (7)  

3 2 6

2

0,0274 40,833 20255 3.10 ;
1

k n n n
R
= − − − −

=
    (8) 

Diagram 1. shows the graph of the change of the 
contact points of the wheelset and the track. The curve is 
constructed according to the coordinates of the points on 
the x  and z  axes. 

Diagram 2. shows the graph of the change of con-
tact points on the wheelset and track. The curve is con-
structed according to the coordinates of the points on the 
axes m  and k . 

Figure 8. shows the contact points of the left-hand 
wheel with the inner rail and in Figure 9. the right-hand 
contact points of the outer rail.  

 

 
Diagram 1: Graph of the change of contact points in rela-

tion to the track. 

 
Diagram 2: Graph of the change of contact points in rela-

tion to the wheelset. 

 
Figure 8: Contact points of the left-hand wheel with the 

inner rail. 
The tilt of the wheelset during the process changes 

is shown in Diagram 3.  
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Figure 9: Contact points of the right-hand wheel with the 
outer rail. 

Diagram 3: Tilt of the wheelset.  

The graph of the change of angle γ  is described by 
equations (9) for the first stage and (10) for the second 
one.  

5 3 2

2

2.10 0,0007 0,0214 0,1875;
1

n n n
R
γ −= − + +

=
 (9) 

6 3 2

2

7.10 0,0007 0,0275 0,5647;
0,9986

n n n
R
γ −= − − + +

=
(10) 

Observations show that it is entirely possible to 
terminate the process after the first stage and to return the 
wheelset to the "entry" position. This can happen when 
changing some of the parameters of the vehicle movement, 
for example the driver reduces the thrust. Also, with a 
suitable combination of factors, the first step may be re-
peated more than once, and only then the process contin-
ues or the wheelset returns to the "entry" position. 

4. VARIANT B.
Actual track – the deflection wheel in the neighbor-

hood Iliyantsi in Sofia. The track is with worn out grooved 
rails Ri60N (picture 1.) in a curve with radius on the axis 
of the track R = 24 m, track gouge (picture 2.) 

1025Sf cS mm+∆ = . Wheelset with nominal dimensions and 
wheel tyre profile Т81. 

When entering the curve (figure 10.), the wheelset 
contacts the track at 3 points. The left wheel has two con-
tact points – 

LK  on the conical surface of the wheel tire 
and 

LfK on the flange. The right wheel has a contact point 

RK  on the conical surface of the wheel tyre. 

Picture 1: Track – Deflection wheel of trams in Iliyantsi, 
Sofia 

Picture 2: Track - measurement of track gauge. 

Figure 10: Position of attacking wheelset T81 when enter-
ing a curve - at deflection wheel in Iliyantsi. 
Table 2 shows the coordinates of the points in the 

two coordinate systems and the tilt of the wheelset in the 
"entry" position. 

In this case, the steering force is realized by the in-
ner wheel at the contact point of the non-working side of 
the flange with the flange of the inner rail (picture 3.).  

Picture 3: Contact of the non-working side of the flange 
with the flange of the inner rail.  
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Table 2: Coordinates of the contact points in the entry position of variant В.  
coordinate system 

1O xyz  
Left rail Right rail 

Point x  y  z  Point x  y  z  
LK  0,00000000 -554,2179474 -8,24591697 RK  0,00000000 559,7626494 9,00131516 

LfK  131,80380140 -467,88923339 -17,02314099     
coordinate system 

2O mnk  
Left wheel Right wheel Wheelset 

Point n  k  Point n  k  ϕ  γ  

LK  -563,00000000 348,32295106 RK  550,98067466 348,95285721  -0,07124293 

LfK  559,7626494 9,00131516 
 

-481,52420430 365,08810495    21,16279939  
 
However, when the climbing of the wheel flange on 

the rail flange starts, the ascent of the outer wheel flange 
also starts on the head of the outer rail. 

Typical for this track is that the flange of the inner 
rail has lost it’s roundness, however a sharp edge has been 
formed due to the constant friction from the wheel flange. 
Then the contact points of the rail are at this edge, and the 
change is in the contact on the roundness of the flange 
(Figure 11).  

 
Figure 11: Contact the left wheel with the flange of the 

inner rail.  
At the same time, the contact points of the right 

wheel with the head of the outer rails change their height 
until they reach the top of the curve (Figure 12.). 

 
Figure 12: Contact the right-hand wheel with the outer 

rail. 

 

Thus, the process does not interrupt and flows 
quickly due to the changes of the rail caused by the wear. 
Diagram 4. shows the graph of the change of contact 
points on the wheelset and track. The curve is built on the 
coordinates of the right wheel of the points on the y and z 
axes. In this case the left wheel is in constant contact with 
the edge of the flange of the inner rail.  

 
Diagram 4: Graph of the change of contact points in rela-

tion to the track. 
The curve of the contact points describe the graph 

with equation (11) for the right wheel on axes y  и z .  
3 2 7

2

0, 2395 369,68 190214 3.10 ;
1

z y y y
R
= − + − +

=
  (11)  

Diagram 5. shows the graph of the change of the 
contact points of the wheelset and the track. The curve is 
constructed according to the coordinates of the points on 
the axes m  and k . 

 
Diagram 5: Graph of the change of contact points in rela-

tion to the wheelset.  

The contact point curves describe the graph with 
equations (12) for the left wheel and (13) for the right one 
on axes n  and k .  
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3 2 7

2

0,3103 449,81 217322 3.10 ;
0,9996

k n n n
R
= − − − −

=
(12) 

3 2 7

2

0,1871 279,81 139517 2.10 ;
1

k n n n
R
= − + − +

=
(13) 

The tilt of the wheelset during the process changes 
as shown in Diagram 6.  

Diagram 6: Tilt of the wheelset. 

The graph of the change of angle γ  is described by 
equations (14): 

7 3 4 2

2

9.10 10 0,0032 0,7325;
0,9865

n n n
R
γ − −= − + − −

=
(14) 

5. VARIANT С.

Actual track – the deflection wheel in the neighbor-
hood Iliyantsi in Sofia (figure 13.). Wheelset with initial 
wheel tyre T81 and characteristic wear on the wheel tyre 
(figure 18). The example wear of the wheel tyres used for 
this study is characteristic for the trams operating to the 
deflection wheel. Symmetrical wear of the wheel tyres 
which is very rare has been accepted. In most cases, the 
two wheels are worn in different sections of the profile. 
From the various wear patterns for this study have been 
taken into account the double ("lying") flange and high 
wear on the non-working side of the flange [7], which is 
characteristic of the movement on the highly worn gauge 
rails. 

When entering the curve (figure 13.) the wheelset 
contacts the track at 3 points. The left wheel has two con-
tact points – 

LK  on the conical surface of the wheel tire 
and 

LfK on the flange. The right wheel has a contact point 

RK  on the conical surface of the wheel tyre. 

Figure 13: Position of an attacking wheelset with improp-
er wear at the turning wheel entry in Iliyantsi.  

Table 3 shows the coordinates of the points in the 
two coordinate systems and the tilt of the wheelset in the 
"entry" position. 

In this case, the drive force is realized by the inner 
wheel in the contact point of the non-working side of the 
flange with the flange of the inner rail. However, despite 
climbing of the wheel flange on the flange of the inner rail, 
the outer wheel flange contacts only with a series of points 
with the same height on the wall of the outer rail head. 

Figure 14. shows the contact points of the left-hand 
wheel with the inner rail and in Figure 15. the contact 
points of the right-hand wheel with the outer rail.  

Figure 14: Contact the left wheel with the flange of the 
inner rail. 

Figure 15: Contact of the right-hand wheel with the outer 
rail. 

Diagram 7. shows the graph of the change of con-
tact points on the wheelset and track. The curve is built on 
the coordinates of the points on the y and z axes. 

Diagram 7: Graph of the change of contact points in re-
gards to the track.  
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Table 3: Coordinates of the contact points in the "entry" position for variant C.  
coordinate system 

1O xyz  
Left rail Right rail 

Point x  y  z  Point x  y  z  
LK  0,00000000 -554,21794738 -8,24591697 RK  0,00000000 520,06622614 -6,05970818 

LfK  146,22479061 -467,88923339 -17,02314099     
coordinate system 

2O mnk  
Left wheel Right wheel Wheelset 

Point n  k  Point n  k  ϕ  γ  

LK  -566,00000000 346,10357943 RK  508,5701898 350,9228531  -1,14567263 

LfK  559,7626494 9,00131516 
 

-484,78996850 368,36683537    23,38805218  
Diagram 8. shows the graph of the change of the 

contact points of the wheelset and track. The curve is con-
structed according to the coordinates of the points on the 
axes n  and k . 

 
Diagram 8: Graph of the change of contact points in re-

gards to the wheelset.  
The contact point curves describe the graph with 

equations (15) for the left wheel and (16) for the right one 
on axes y  and z .  

12 2 9

2

7.10 7.10 17,023;
0,0391

z y y
R

− −= − − +

=
  (15)  

 
3 2 6 9

2

8,5775 13208 7.10 10 ;
1

z y y y
R
= − + − +

=
 (16) 

The contact point curves describe the graph with 
equations (12) for the left wheel and (13) for the right one 
on axes n  and k .  

3 2 7

2

0, 2367 345,47 168061 3.10 ;
0,9982

k n n n
R
= − − − −

=
  (17)  

 
3 2

2

0,0029 4,3595 2156,9 354830;
1

k n n n
R
= − + −

=
 (18) 

The tilt of the wheelset during the process changes 
as shown in Figure 9. 

 
Diagram 9: Tilt of the wheelset.  

The graph of the change of angle γ  is described by 
equations (19):  

6 3 2

2

10 0,0001 0,0018 1,1511;
0,9998

n n n
R
γ −= − + + −

=
 (19) 

The fact that during the climb of the left wheel 
flange on the flange of the inner rail, the right wheel con-
tacts the outer rails in a series of points on one level or 
with minor deviations from it obstructs the development of 
the derailment process.  

6. IMPACT OF THE WEAR OF THE RAILS. 
When looking at the locations of the contact points 

of the wheelset and the track in the "entry" position, it will 
be seen that the point of the flange in contact with the rail 
at each subsequent variant moves forward. This also in-
creases the angle between the horizontal plane at the point 
of contact on the rail and the tangent to the circumference 
of the wheel on which the contact point lies (Figure 16). 
Ie. It is becoming increasingly difficult to begin the pro-
cess of climbing of the attacking flange on the rail.  

 
Figure 16: Angle between the horizontal plane and the 

tangent of the circle of the contact point.  
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In variants B and C due to the wear of the rails, the 
wheels fall low relative to the flange of the rail. This 
means that the chute is shallow and increases the possibil-
ity of the influence from foreign bodies in it. 

7. CONCLUSION
The conclusions based on the examined variants of 

contact between the attacking tram wheelset and a track 
maid out of grooved rails in a curve, to a great extent, 
explain the lack of cases of derailment of trams in curved 
sections with high amounts of wear on the rails [8].  

The study of the "wheelset-track" interaction of the 
attaching wheelset of tram bogie T81 and track with 1009 
mm track gauge, built with grooved rails in a curved sec-
tion of the road, is realized in three variants:  
 A wheelset with new wheels in the curve of a track

with new rails;
 A wheelset with new wheels and specific actual track

with marginal worn grooved rails;
 A wheelset with typical wear wheel tyres and specific

actual track with marginal worn grooved rails.
As a result of the three modelled variants of the in-

teraction "wheelset-track" the contact points of the wheels 
and rails when the wheelset enters the curve have been 
determined, as well as the contact points in the derailment 
have also been determined. It has been found that in a 
track gauge with the size of 1025 mm in a curve with a 
radius of 24 m the directing force is implemented at the 
point of contact of the non-operative side of the flange of 
the inner wheel with the inner rail.  This is a possible ex-
planation for the lack of cases of derailment in a particular 
curve despite the borderline wear on the rails. 

The experiments were carried out in actual operat-
ing conditions at the deflection wheel in the neighbour-
hood Iliyantsi in Sofia. The results of the experiments 
confirm the results of the modelling. 
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In the contact area between wheel and rail there are intensive action and reaction forces that have a key influence 
on the dynamic behaviour of railway vehicles and track. These forces play a key role in supporting, guiding, traction and 
braking of railway vehicles. Bearing in mind that the wheel-rail contact problem is in fact the problem of rolling of two 
nonlinear profiles which occurs under the influence of many parameters, its solution and exact determination of wheel-rail 
contact forces belongs to the most complex tasks in railway engineering. Basically, solving the wheel-rail contact problem 
is reduced on solution of two types of contact problems - normal and tangential. These mutually coupled problems are 
solved from many researchers and today there are several different theories. Simpler theories are based on the assumptions 
under which the normal and tangential contact problem are solved completely separately. This results in a significantly 
simpler and faster calculation, but with greater error. On the other hand, more complex theories are based on coupled or 
iterative solving of given problems. As a result, they are characterized by greater accuracy, but also with more complicated 
calculation that requires significantly more computing time. In that sense, the aim of this paper is to analyse the wheel-rail 
rolling contact theories for solving the normal and tangential contact problems, with especial emphasize on determination 
of wheel-rail contact forces. Established conclusions are of particular importance for research of dynamic behaviour of 
railway vehicles. 

Keywords: Wheel-rail contact, Rolling contact theories, Wheel-rail contact forces.
1. INTRODUCTION 

Accurate determination of the wheel-rail contact 
forces is one of the most important tasks in the analysis of 
the dynamic behavior of railway vehicles. These forces are 
directly connected to the key functions of realization of 
railway traffic such as supporting, guiding, traction and 
braking of railway vehicles. Accordingly, the wheel-rail 
contact forces are the key influential parameters and 
indicators of the quality of the dynamic behavior of 
railway vehicles. Their values are the basis for evaluation 
of safety against the derailment which is obligatory in the 
phase of certification of all types of newly designed or 
modified railway vehicles. The international standards 
prescribe exclusively experimental tests as the way for 
determination of the wheel-rail contact forces in the 
certification process [1, 2]. Given in mind that these 
experimental tests are very expensive, certain simulations 
of dynamic behavior of railway vehicles must be 
performed, especially in the phase of development of 
railway vehicles. In such simulations, the wheel-rail 
contact forces and other parameters of dynamic behavior 
of railway vehicles must be determined on analytical or 
numerical way. Considering the complexity and 
stochasticity of geometry of the wheel-rail contact [3], 
analytical determination of forces in that contact is very 
complex task which is solved from many researchers over 
the past years. The task is related to the solving the 
problem of rolling of one nonlinear profile (wheel profile) 
via another nonlinear profile (rail profile). At the same 
time, the intensity of pressure between these profiles is 
changeable (under the influence of wear), the shapes of 
these profiles are changeable and mutual position between 
these profiles is changeable. During such dynamic process, 
in the contact surface between mentioned profiles of wheel 
and rail there are normal and tangential contact forces that 
depend on large number of influential parameters and that 
have a key influence on the dynamic behavior of railway 

vehicles. In contemporary analysis of dynamic behavior of 
railway vehicles, the analytical determination of these 
forces is based on solving of two types of mutually 
coupled problems – normal and tangential contact problem 
[4–6]. The different ways of solution of these problems are 
basis for numerical determination of wheel-rail contact 
forces and other parameters of dynamic behavior of 
railway vehicles. They are incorporated in all software 
tools for simulation of dynamic behavior of railway 
vehicles. Some of the most useful and most powerful 
software in this area of are Adams, Simpack, Vampire, 
Gensys, Nucars, etc. Thus, the aim of this paper is to give 
the main postulates and to analyze the wheel-rail rolling 
contact theories, with especial accent on their reliability in 
simulations of dynamic behavior of railway vehicles. 

2. NORMAL CONTACT PROBLEM 
Normal contact problem is related to determination 

of shape and size of contact surface, normal stress or 
contact pressure and its distribution in the contact surface 
which is caused by the action of normal force. The 
solution of normal contact problem between wheel and rail 
is usually based on application of Hertz static theory of 
contact of elastic bodies [7, 8]. This theory can be applied 
to the wheel-rail contact under the following assumptions: 
displacements and strains are small; contact surface is 
small in comparison to the dimensions of wheel and rail or 
rolling radius of the wheel (semi-space assumption); area 
in vicinity of contact surface is described with constant 
curve; surfaces of contact of wheel and rail are smooth 
(roughness is neglected); there are only elastic 
deformations; materials of wheel and rail are homogenous 
and isotropic [4]. Therefore, a key assumption implies that 
the bodies in contact (wheel and rail) are geometrically 
and elastically the same or quasi-identical. This 
assumption enables that normal and tangential contact 
problem can be solved separately. 
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According to the Hertz theory the contact surface 
between wheel and rail compressed with normal force N 
has an elliptical shape with semi-axis ae in direction of 
movement and semi-axis be in lateral direction (Fig. 1). 

 
Figure 1: The contact surface between wheel and rail 

according to the Hertz theory 

Semi-axes of elliptical contact surface can be 
calculated from the following expressions:  
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where: 
E – modulus of elasticity, 
νP – Poisson's ratio,  
N – normal force between wheel and rail, 
m, n – constants, 
А, B – functions that are dependent on the radii of wheel 
and rail curvatures. 

Functions A and B are defined with the following 
expressions: 
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where: 
rξw – radius of the wheel curvature in longitudinal 
direction (direction of movement), 
r0 – rolling radius of the wheel, 
rηw – radius of the wheel curvature in lateral direction, 
rξr – radius of the rail curvature in longitudinal direction, 
rηr – radius of the rail curvature in lateral direction. 

The constants m and n are determined from the 
appropriate tables, on the basis of value of the following 
function: 

arccos A B
A B

θ − =  + 
                                                (3) 

The surface of the ellipse or the contact area 
between wheel and rail is: 

e e eA a bπ= ⋅ ⋅                                                              (4) 
The distribution of contact pressure or normal 

stress in contact surface has the shape of semi-ellipsoid 
(Fig. 2), and it is defined with the following expression: 
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2 2
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2 e e e

N
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                       (5) 

 
Figure 2: The distribution of contact pressure in wheel-
rail contact surface according to the Hertz theory [4] 

The numerical example of application of previously 
exposed Hertz theory for solution of normal wheel-rail 
contact problem in case of 4-axled freight waggon is given 
in the Table 1. 

Table 1: The solution of normal contact problem between 
wheel profile UIC-ERRI S1002 and rail profile 60E1 
Modulus of elasticity E=21000 kN/cm2 

Poisson's ratio νP=0.3 
Radius of the wheel 
curvature in longitudinal 
direction 

rξw=r0=46 cm 

Radius of the wheel 
curvature in lateral 
direction 

rηw=32 cm 

Radius of the rail 
curvature in longitudinal 
direction 

rξr=∞ 

Radius of the rail 
curvature in lateral 
direction 

rηr=30 cm 

Function A=0.104 
Function B=1.087 
Function θ=145° 
Constant m=0.53 
Constant n=2.4 
Normal force N=40 kN N=110 kN 
Semi-axis ae=0.32 cm ae=0.45 cm 
Semi-axis be=1.45 cm be=2.02 cm 
Surface Ae=1.46 cm2 Ae=2.85 cm2 

Normal stress σζmax=41.1 
kN/cm2 

σζmax=57.9 
kN/cm2  
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It is important to emphasize that Hertz theory can 
be applied only on the cases of non-conformal contact 
between wheel and rail. 

3. CREEP AND PARAMETERES IN WHEEL-RAIL 
CONTACT SURFACE 

Due to the elasticity of the material, during the 
rolling along the rail, there is very small difference 
between the tangential velocity and the transnational 
velocity or velocity of the wheel progression (Fig. 3). This 
phenomenon is called creep and it has very significant 
influence on the dynamic behavior of railway vehicles 
which was first discovered from Carter [9, 10]. The proper 
analysis of creep is crucial for solution of tangential 
contact problem between wheel and rail. 

 
Figure 3: The rolling of the wheel along the rail            

and creep velocity 

The creep velocity vc represents a difference 
between tangential velocity of wheel with radius r which 
is revolving with angular velocity ω, and transnational 
velocity of wheel v: 

cv r vω= ⋅ −                      (6) 
Due to a large number of influential parameters, 

ideal rolling of wheelset is very rare in practice, especially 
at running through the curves. Therefore, ideal radial 
steering of wheelset is extremely rare. During the running 
in the curves, wheelset is usually positioned in some 
under-radial position when guiding wheel under certain 
angle ψ is attacking outer rail (Fig. 4). 

 
Figure 4: The radial and under-radial steering of wheelset 

in the curves 
As a consequence of the previous considerations it 

can be observed that there is not only creep in running 
direction as shown in Fig. 3, but there is some resulting 
creep that can have an arbitrary direction and which, in 
addition to transnational, contains certain rotational 
component. These two components cause the occurrence 
of tangential force and moment in the contact surface 
between the wheel and rail. Therefore, parameters in 
wheel-rail contact surface are shown in Fig. 5. 

 
Figure 5: The parameters in wheel-rail contact surface 

In Fig. 5 are:  
N – normal force, 
vξ – velocity of longitudinal creep, 
vη – velocity of lateral creep, 
ωc – angular velocity of rotational creep, 
Fξ – tangential force of longitudinal creep, 
Fη – tangential force of lateral creep,  
Mζ  – moment of rotational creep. 

The determination of given tangential forces and 
moment is based on reduced creepages which are obtained 
when the velocities of the longitudinal and lateral creep 
and angular velocity of the rotational creep are reduced to 
velocity of wheel progression v: 
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=
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                                                                    (7) 

Thus, total translational reduced creep is: 
2 2
ξ ηυ υ υ= +                                                             (8)    

 The components of reduced creepages play a key 
role in all methodologies that dealing with solving of the 
tangential contact problem.                                            

4. TANGENTIAL CONTACT PROBLEM 
The tangential contact problem is related to the 

determination of tangential forces and stresses which are 
generated in wheel-rail contact surface due to the presence 
of friction and creepage. For solving the tangential contact 
problem, there are various methodologies such as: 
simplified theory, exact theory, dynamical theory, quasi-
static theory, three-dimensional theory, two-dimensional 
theory, etc. One of the most important reviews of these 
theories is made from Kalker in his research [11, 12]. 

Key problems in solving of the tangential contact 
problem are the existence of creep between wheel and rail, 
as well as the nonlinear character of the change of 
tangential force which is shown in Fig. 6. Consequently, 
the exact determination of tangential forces in wheel-rail 
contact must be based on the nonlinear theory. However, 
at smaller values of creep the change of tangential force 
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has almost linear character and under such assumption its 
calculation can be performed with application of linear 
theory. This fact had a great impact on the development of 
the theories for solving the tangential contact problem. 
The most important theories are given below.  

Figure 6: The change of tangential force in function of 
creep 

4.1. Carter's theory 
In 1926 Carter is developed a theory for solving the 

problems of rolling with friction which is applied in 
solution of the tangential contact problem [9, 10]. This 
theory is especially important because establishes 
analytical relation between longitudinal creep and 
tangential force. The wheel is considered as a cylinder and 
rail as thin plate, under assumption that radius of the wheel 
is much higher in comparison with the dimensions of the 
contact surface. In this way, the problem is solved under 
the assumption of half-space, wherein in the contact 
surface, in addition to normal stress, there is tangential 
stress in the longitudinal direction. The distribution of 
tangential stress and change of tangential force in contact 
surface according to Carter’s theory are shown in Fig. 7. 

Figure 7: The distribution of tangential stress and change 
of tangential force in contact surface according to 

Carter’s theory [13] 

In wheel-rail contact surface according to Carter’s 
theory there are two areas – adhesion area and slip area. 
A'EОA line in Fig. 7 represents the contact surface during 
the rolling of wheel over the rail in the longitudinal 
direction. In the point A observed piece of material comes 
in contact with the rail, while its contact with the rail 
ceases in the point A'. Curve ABCA' defines the 
distribution of limit value of tangential stress in the cross 
section of the contact surface. Curve ADCA' defines the 
real distribution of tangential stress in the cross section of 
the contact surface or in adhesion area and slip area. In the 
adhesion area (area below curve ADC) there are is 
absolutely adhesion and no mutual displacement of 
material particles of the wheel and rail. Thereby, the value 
of the tangential force is less than the limit value which is 
determined with the force of Coulomb friction in which 
there is completely sliding of the wheel along the rail 
(Fξ<µN). Analogously, the tangential stress is less than the 
limit stress which is determined with the curve ABCA'. In 
slip area (area below the curve A'C) there is mutual 
displacement of pieces of material of the wheel and rail. 
At the same time, the value of the tangential force reaches 
limit value where is Fξ=µN, and tangential stresses are 
equal to the limit stresses. In the case of the complete 
sliding of the wheel along the rail, the tangential force in 
the whole contact surface reaches a limit value at which 
the tangential stresses are equal to the limit tangential 
stresses (line ABCA'). This situation usually occurs in 
cases of traction or braking of railway vehicles or in cases 
of blocking of wheels for other reasons. 

The main disadvantage of Carter’s theory is related 
to the neglecting of lateral and rotational creep. That is 
why application of this theory in analysis of dynamic 
behavior of railway vehicles is very limited. Nevertheless, 
this theory is of a great importance in the study of 
phenomena related to the wheel-rail contact and forms the 
basis for the development of advanced theories for solving 
the tangential contact problem. 

4.2. Theory of Johnson and Vermeulen 
In 1985 Johnson is expanded Carter’s theory on the 

case of contact of two spheres that roll on one another, 
wherein in addition to the longitudinal, lateral creep is 
taken into account [14]. After that he in 1964, together 
with Vermeulen, defined the theory which establishes 
analytical relation between creep in longitudinal and 
lateral direction and appropriate tangential forces [15]. The 
theory is based on the assumption that between wheel and 
rail there is only translational creep, while rotational creep 
is neglected. In contact surface there are two areas – slip 
area and adhesion area. The adhesion area has an elliptical 
form which touches the ellipse of contact surface in its 
headmost point (Fig. 8). 

Figure 8: The areas in contact surface according to the 
theory of Johnson and Vermeulen [11] 
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The experimental tests have shown that error in 
calculation of the resulting tangential force according to 
the theory of Johnson and Vermeulen is less than 25%. 
This is certainly consequence of assumption that adhesion 
area has an elliptical shape. This theory is limited to the 
cases where there are only longitudinal and lateral creep, 
while rotational creep does not exist. This is the main 
disadvantage because this theory has limited application in 
analysis of dynamic behavior of railway vehicles. 

4.3. Theory of strips of Halling, Haines and Ollerton 
In 1963 Halling, Haines and Ollerton are developed 

an approximate theory for solving the tangential contact 
problem in case of the elliptical contact surface and pure 
longitudinal creep [16, 17]. In accordance with this theory, 
area of contact is divided on a certain number of strips 
which are parallel to the direction of movement (Fig. 9). 
Every strip is analyzed by using Carter’s theory while 
mutual interaction between strips is neglected. 

 
Figure 9: The contact surface according to the theory of 

strips of Halling, Haines and Ollerton [11] 

The correctness of the theory of Halling, Haines 
and Ollerton has been confirmed by experimental tests 
using the method of photo-elasticity. The results of tests 
have shown that shape of the adhesion area is very similar 
to the shape which is assumed with the theory. The main 
drawback of this theory is limitation on the case of pure 
longitudinal creep. That is why its using in rail vehicles 
dynamics is very rare. 

4.4. Kalker’s extended theory of strips  
In 1967 Kalker is expanded the theory of strips of 

Halling, Haines and Ollerton, whereby, in addition to the 
longitudinal,  lateral and small rotational creep are taken 
into account [18]. The areas of adhesion and slip according 
to this theory are shown in Fig. 10. 

 
Figure 10: The areas in contact surface according to the 

extended theory of strips [11] 

The main drawback of extended theory of strips is 
limitation on cases with small values of rotational creep 
and cases in which the longer axis of contact surface is 
directed in lateral direction regard to the direction of 
movement. These are the reasons why this theory, despite 
a relatively accurate determination of the shape and size of 
the areas of adhesion and slip, are rarely used in analyzing 
the dynamic behavior of railway vehicles. 

4.5. Kalker’s linear theory 
In 1967 Kalker is developed linear theory of rolling 

of two elastic bodies in conditions of dry friction [19]. 
This theory is based on assumption of DePater that for 
small values of creepages slip area in the contact surface is 
so small that its influence can be completely neglected 
[20]. The consequence of this assumption is that in the 
whole contact surface there is the state of adhesion. The 
research has shown that Kalker’s linear theory gives 
satisfactory results if the following condition is fulfilled 
[4]: 

/1000 0,002υ φ+ ≤                                                 (9) 
In accordance with the Kalker’s linear theory, 

longitudinal and lateral tangential forces and moment of 
creep are determined from the following expressions: 
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The previous expression show that, according to 
Kalker, longitudinal tangential force does not depend on 
the lateral and rotational creep, while the lateral tangential 
force and moment do not depend on the longitudinal creep. 
The coefficients of creep κ11, κ12, κ22, and κ33 are 
determined on the basis of values of semi-axis of ellipse of 
contact surface a and b, determined on the basis of Hertz’s 
contact theory and Kalker’s coefficients C11, C22, C23 and 
C33:  
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The coefficients C11, C22, C23 and C33 are 
determined from Kalker’s table on the basis of Poison’s 
ratio νP and ratio of semi-axis of ellipse of contact surface 
a and b [13]. It is very important to emphasize that 
Kalker’s coefficients mean the existence of dry friction 
between wheel and rail whereby the coefficient of friction 
is µ≈0,6 [4]. However, the practical experiences have 
shown that there are not always the conditions of dry 
friction between wheel and rail, or the conditions under 
which Kalker’s linear theory is formulated are not always 
fulfilled. On a certain sections of the track, due to presence 
of various impurities such as oil, dirt, dust, moisture, ice, 
snow, etc., there is reduction of coefficient of friction or 
reduction of value of limit tangential force at which pure 
slipping of the wheel along the rail occurs. Taking into 
account this stochastic change of friction coefficient, this 
influence is very complex for analytical describing. It is 
usually taken into account through corrections of creep 
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coefficient in Kalker’s linear theory with certain correction 
factors. Despite of significant approximations under which 
is defined, Kalker’s linear theory has very large 
application in rail vehicles dynamics, especially in analysis 
of lateral dynamic stability of railway vehicles at their 
running on the tangent track. 

4.6. Kalker’s nonlinear exact numerical theory 
All the previously discussed theories have certain 

limitations and do not provide a complete solution of the 
tangential contact problem. From this reason Kalker is 
developed a nonlinear exact numerical theory which is 
based on numerical solution of the problem by using 
computers [11, 12]. This theory is based on the condition 
that real total tangential stress in the contact surface must 
meet the Coulomb's inequality τ ≤µ⋅σ. Based on the 
Kalker’s nonlinear theory, in 1967 has been developed a 
computer program CONTACT which allows universal 
numerical solution of all types of half-space contact 
problems. After that, in 1978 has been developed a 
computer program DUVOROL which is based on the 
assumption of equal constants of elasticity of bodies in 
contact [21]. The results of experimental tests conducted 
on British railways have confirmed that, in conditions 
without presence of impurities on contact surfaces of 
wheels and rails, the program DUVOROL gives very 
reliable results in solution of the tangential contact 
problem. The main disadvantage of computer programs 
CONTACT and DUVOROL is very large computing time. 
That is why these programs are not suitable for usage in 
analysis of dynamic behavior of railway vehicles. 

4.7. Kalker’s empirical theory 
Kalker is developed empirical theory which 

establishes relationship between longitudinal and lateral 
creep and total tangential force in contact surface between 
wheel and rail [22]. Somewhat simpler empirical 
expression with reduced accuracy in relation to the 
Kalker’s are defined by Johnson and Vermeulen [15]. In 
empirical theory, at solving the tangential contact problem, 
the total normalized creep υn is used. It is determined on 
the basis of components of creepages υξ and υη, semi-axis 
of ellipse of contact surface a and b, shear modulus G, 
coefficient of friction between wheel and rail µ, normal 
force N and coefficients of normalization c1 and c2. 
Coefficients of normalization are read from tables on the 
basis of ratio of semi-axes of ellipse of contact surface a 
and b, combined Poison’s ratio for materials of wheel and 
rail ν, and elliptical integrals defined in theory of Johnson 
and Vermeulen [13]. Kalker’s empirical theory gives very 
good results for all eccentricities of ellipse of contact 
surface and can be used in solving the contact problems in 
cases when materials of wheel and rail have different 
constants of elasticity. However, due to the neglecting of 
rotational creep this theory has very limited application in 
analysis of dynamic behavior of railway vehicles. 

4.8. Approximate nonlinear theory (heuristic nonlinear 
model) 

Researches in area of theory of wheel-rail contact 
have shown that is necessary to form considerably 
complex models in order to obtain more accurate results 
[23]. In this sense, Shen, Hedrick and Elkins are formed an 

approximate nonlinear theory which is based on heuristic 
nonlinear model [24]. The theory is based on calculation 
of tangential forces by using Kalker’s linear theory and 
determination of their limit values by using the theory of 
Johnson and Vermeulen, wherein the rotational creep is 
neglected. Input data in the model are ratio of semi-axis of 
ellipse of contact surface a and b, and normalized 
creepages υξn, υηn and φn. The ratio of semi-axis of ellipse 
of contact surface is function of radii of curves of elastic 
bodies which are in contact which is calculated with 
Hertz’s theory, while normalized creepages are functions 
of normal force in contact surface between wheel and rail. 
The researches have shown that heuristic nonlinear model 
enables accurate description of nonlinear relations in 
wheel-rail contact in cases when two from three creepages 
are equal to zero [13]. Despite the fact that neglects the 
influence of rotational creep to the tangential forces in 
wheel-rail contact, approximate nonlinear theory is often 
used in analysis of dynamic behavior of railway vehicles. 

4.9. Kalker’s simplified theory and computer programs 
The main motivation for development of Kalker’s 

approximated theory was very long computer time for 
numerical solution of the tangential contact problem by 
using the exact numerical theory. Consequently, Kalker is 
defined simplified theory on the basis of which a few 
computer programs for determination of tangential forces 
and moment in wheel-rail contact are developed. The most 
famous are SIMROL, ROLCON and FASTSIM [25, 26]. 
The main version of program SIMROL has been written 
from the Kalker in ALGOL-60 programming language. 
Later, it is translated on the programming language 
FORTRAN-IV by Goree [27]. The program ROLCON has 
been written in 1978 by the Knothe and colleagues in 
programing language FORTRAN-IV [28]. Its speed of 
calculation is five times larger in relation to the program 
SIMROL. The program FASTSIM also has been written 
from the Kalker in 1980. It is very simple and its speed of 
calculation is 25 times larger in regard to the program 
SIMROL. The main advantage of Kalker’s simplified 
theory is in fact that it enables satisfactory accurate 
description and solution of the tangential contact problem, 
while the time of computer’s calculations is significantly 
shorter in regard to the exact numerical theory. Therefore, 
this theory has by far the greatest application in modeling 
the wheel-rail contact and analysis of the dynamic 
behavior of railway vehicles. 

5. CONCLUSION 
Condition in the contact surface or wheel-rail 

contact forces during the running of railway vehicles along 
the track are affected by large number of influential 
parameters. In addition to the geometries of profiles of the 
contact surfaces, the significant influence has the friction 
coefficient between wheel and rail or behavior of adhesion 
and slip. The important influence have the characteristics 
of material of the wheel and rail, roughness of contact 
surfaces, wear, as well as presence of water, oil, dirt, dust, 
mud, snow, ice and other environmental factors. All these 
influential parameters during the running along the track 
have stochastic character which is not possible to describe 
by analytical procedures in a reliable way. Consequently, 
the theory of wheel-rail contact is based on large number 
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of approximations which are necessary for analytical 
formulation and numerical solution of the problem by 
using some of the previously analyzed methodology. The 
solving the contact problem and determination of the 
wheel-rail contact forces by using all mentioned 
methodology is based on the previous knowledge of 
creepages in the contact surface. Due to the nonlinearity of 
the wheel-rail contact geometry and stochasticity of 
change of parameters which determining the track 
geometry, accurate determination of creepages in contacts 
of wheels and rails and its change during the running along 
the track is very hard and complex. In the analytical 
models wheelset is usually considered as rigid body with 
six degrees of freedom. Forming of analytical expressions 
for determination of longitudinal, lateral and rotational 
creep in such models is based on a large number of 
assumptions and approximations without which it is not 
possible to provide mathematical description and solution 
of the problem. The most of analysis of dynamic behavior 
of railway vehicles is based on numerical calculation of 
creepages on basis of formed analytical models and 
recorded data about track geometry, after which the theory 
of contact is used for solution of normal and tangential 
contact problem and calculation of wheel-rail contact 
forces. This approach is applied in all modern software 
packages for simulation of dynamic behavior of railway 
vehicles. These software packages enable analyzing of 
dynamic behavior for certain operating conditions still 
under development phase of new or modification of 
existing railway vehicles. In this way very expensive 
experimental tests can be avoided. The simulations are 
very useful in analysis of certain phenomena, especially in 
quasi-static conditions of moving. However, due to the 
large number of simplifications and approximations their 
results are not enough reliable for derivation of final 
conclusion about quality of dynamic behavior of railway 
vehicles. These facts are very important and must be taken 
into account in any analysis of dynamic behavior or 
railway vehicles. It can be concluded that the best and the 
most reliable way for determination of parameters of 
dynamic behavior of railway vehicles, especially those 
most important such as wheel-rail contact forces, is 
experimental testing in exploitation conditions [29]. This 
fact is confirmed from relevant standards UIC 518 and EN 
14363 which prescribe experimental tests in the 
certification of railway vehicles, while simulations are 
allowed only in certain cases when validity of developed 
models is experimentally confirmed.  

ACKNOWLEDGEMENTS 
The authors wish to express their gratitude to 

Serbian Ministry of Education, Science and Technology 
for supporting this paper through project TR35038. 

REFERENCES 
[1] UIC CODE 518 OR, Testing and approval of railway 
vehicles from the point of view of their dynamic behavior 
– Safety – Track fatigue – Running behavior, 4th edition, 
International Union of Railways – UIC, (2009) 

[2] EN 14363, Railway applications – Testing for the 
acceptance of running characteristics of railway vehicles – 
Testing of running behavior and stationary tests, European 
Committee for Standardization – CEN, (2005) 

[3] M. Bižić, D. Petrović, I. Pančić, Functions of wheel-
rail contact geometry, Proceedings of the Eighth Trienal 
International Conference HEAVY MACHINERY – ''HM 
2014'', pp. F77-F84, Zlatibor, Serbia, (2014) 

[4] E. Andersson, M. Berg, S. Stichel, Rail Vehicle 
Dynamics, Railway Group KTH, Stockholm, (2007) 

[5] S.D. Iwnicki, Handbook of Railway Vehicle 
Dynamics, CRC Press, Taylor & Francis Group, Boca 
Raton, (2006) 

[6] N. Bosso, M. Spiryagin, A. Gugliotta, A. Somà, 
Mechatronic Modeling of Real-Time Wheel-Rail Contact, 
Springer-Verlag Berlin Heidelberg, (2013) 
[7] H. Hertz, Über die Berührung fester elastischer Körper, 
Journal für die reine und angewandte Mathematik, vol. 92, 
pp. 156-171, (1881) 

[8] H. Hertz, Gesammelte Werke, Vol. 1, Leipzig, (1895) 
[9] F.W. Carter, Railway Electric Traction, Arnold, 
London, (1922) 
[10] F.W. Carter, On the action of locomotive driving 
wheel, Proceedings of the Royal Society, A, London, vol. 
112, no. 760, pp. 151-157, (1926) 
[11] J.J. Kalker, Review of wheel-rail rolling contact 
theories, The general problem of rolling contact, ASME, 
Applied Mechanics Division, vol. 40, pp. 77-92, (1980) 

[12] J.J. Kalker, Survey of wheel-rail rolling contact 
theory, Vehicle System Dynamics, 8, pp. 317-358, (1979) 

[13] V.K. Garg, R.V. Dukkipati, Dynamics of Railway 
Vehicle Systems, Academic Press, Toronto, (1984) 

[14] K.L. Johnson, The effect of a tangential force upon 
the rolling motion of an elastic sphere upon a plane, 
Journal of Applied Mechanics, 25, pp. 339-346, (1958) 
[15] K.L. Johnson, P.J. Vermeulen, Contact of non-
spherical bodies transmitting tangential forces, Journal of 
Applied Mechanics, 31, pp. 338-340, (1964) 

[16] J. Hailing, Microslip between a rolling element and 
its track arising from geometric conformity, Journal of 
Mechanical Engineering Science, 6, pp. 64-73, (1964) 

[17] D.J. Haines, Е. Ollerton, Contact stress distributions 
on elliptical contact surfaces subjected to radial and 
tangential forces, Proceedings of the Institution of 
Mechanical Engineers, 177, pp. 95-144, (1963) 

[18] J.J. Kalker, A strip theory for rolling with slip and 
spin, Proceedings of the Koninklijke Nederlandse 
Akademie van Wetenschappen, Series B, 70, pp. 10-62, 
(1967). 

[19] J.J. Kalker, On the Rolling Contact of Two Elastic 
Bodies in the Presence of Dry Friction, PhD dissertation, 
Delft University of Technology, Delft, Netherlands, 
(1967) 

[20] A.D. DePater, On the reciprocal pressure between 
two bodies, Proc. Symp. Rolling Contact Phen., pp. 29-75. 
Elsevier, Amsterdam, (1962) 

[21] A.S.K. Tjoeng, J.J. Kalker, User's Manual for the 
Program DUVOROL in ALGOL-60 and FORTRAN for 
the Computation of Three-Dimensional Contact with Dry 

E.47

http://rspl.royalsocietypublishing.org/content/by/year


Proceedings of IX International Conference “Heavy Machinery-HM 2017”, Zlatibor, 28 June - 01 July 2017 

M. Bižić, D. Petrović

Friction, Delft University of Technology, Delft, 
Netherlands, (1980) 

[22] J.J. Kalker, The tangential force transmitted by two
elastic bodies rolling over each other with pure creepage,
Wear, 2, pp. 421-430, (1968)

[23] R.C. White, D.A. Limbert, J.K. Hedrick, Cooperrider
Ν.K., Guideway-Suspension Tradeoffs in Rail Vehicle
Systems, Report DOT-OS-50107, U.S. Department of
Transportation, Washington, (1978)

[24] Z. Shen, J. Hedrick, J. Elkins, A Comparison of
Alternative Creep Force Models for Rail Vehicle Dynamic
Analysis, Proceeding of the 8th IAVSD Symposium on
Dynamics of Vehicles on Roads and on Tracks,
Cambridge, Boston, pp. 591-605, (1983)

[25] J.J. Kalker, A fast algorithm for the simplified theory
of rolling contact, Internal Report, Department of
Mathematics, Delft University of Technology, Delft,
Netherlands, (1980)

[26] J.J. Kalker, Three dimensional elastic bodies in
rolling contact, Kluwer Academic Publishers, Dordrecht,
Netherlands, (1990)

[27] J.G. Goree, User's Manual for Kalker's Exact Non-
linear Creep Theory, Report FRA/ORD-78/50, National
Technical Information Service, Springfield, Virginia,
(1978)

[28] K. Knothe, D. Moelle, H. Steinborn, ROLCON, Ein
Schnelles vielseitiges Digitprogramm zum rollenden
Kontakt, ILR Mitt. 55, TU, Berlin, (1978)

[29] M. Bizic, Research of influential parameters in
wheel–rail interaction on running stability of railway
vehicles Doctoral Dissertation, University of Kragujevac,
Faculty of Mechanica and Civil Engineering in Kraljevo,
Serbia (in Serbian), (2015)

E.48



IX International Conference “Heavy Machinery-HM 2017”, Zlatibor, 28 June – 1 July 2017, E.49 – E.56 

*Corresponding author: University of Transport, 158 Geo Milev Street, Sofia 1574, Bulgaria, emm_1968@abv.bg 

Study of the Movement of the Attacking Tram Wheelset on Track with 
Gauge 1009 mm 

Emil M. Mihaylov1*, Emil Iontchev2, Vladimir Zhekov3, Zornitsa Evlogieva3, Metodi Atanasov3 
1Department of Transport Equipment, University of Transport, Sofia, Bulgaria. 

2Department of Telecommunications and Safety Equipment and Systems, University of Transport, Sofia, Bulgaria. 
3Department of Transport Construction and Equipment, University of Transport, Sofia, Bulgaria. 

The paper describes the methodology of exploring the movement of an attacking wheelset bogie of a tram. The 
methodology includes both monitoring and recording the movement of the wheelset via an audio and video recording and 
reporting of accelerations in axle box caused by railway traffic. Tram bogie T 81 is selected due to its technical character-
istics. The aim of the study is to make a connection between the positioning of the wheelset relative to the track and the 
different types of wear on the wheel rim, as well as binding the wheel relative to the rail and the squeal noise produced by 
the wheel in curved as well as straight segments together. The other part of the study’s aim is by using the values of accel-
erations in the wheelset to assess the condition of the track and its influence on the bogies of the trams. All of the above is 
achieved by a simultaneous and synchronized reading of the monitored parameters. The chosen route must contain seg-
ments of the railroad with different design and in different state. The established methodology is preceded by separate 
measurements of accelerations and sound with a different purpose. Examples of measurements and their results are shown 
in this paper. 

Keywords: tramway, wheelset, track, acceleration, squeal noise, noise
1. INTRODUCTION 

The dynamic interaction between the "wheel-rail" 
creates noise and vibrations, which are transmitted to the 
surrounding rail-road environment - buildings, facilities 
and people in the area of their distribution [1]. Research 
has shown that the most harmful to the environment are 
the low-frequency oscillations that occur when the wheel 
interacts with the rail. Other contributors to the noise and 
vibration are also the engine vibrations and other systems 
from the interior of the rolling stock, as well as the air 
friction when travelling at high speeds. 

The main sources of vibrations are the irregularities 
on the rails and the wheels [2, 3], which induce additional 
inertial forces on the unmolded masses, creating vibrations 
in the rails transmitted to their adjacent environments [4]. 
It has been found that the vibrational effect is perceived 
directly by the human body whereas the receptors respond 
to oscillations of frequency of about 30Hz. In addition to 
the unpleasant experiences they bring to people, the vibra-
tions also cause purely technical consequences, which are 
due to the accelerated accumulation of residual defor-
mations, the more intense loosening of the bolt connec-
tions in the intermediate fasteners, the reduction of the 
longitudinal resistances when the rails are moving. 

In the analysis of the dynamic behaviour of railway 
vehicles the most important are two groups of problems: 
the "wheel-rail" interaction when moving into a straight 
section of the railroad with emphasis on "stability of the 
movement" [2, 5] and problems while travelling in curved 
sections of the road [6]. During the movement of the 
wheelsets in a straight section of the road the oscillations 
and the interaction forces in the contact points are very 
intense, which has a very negative effect on the comfort, 
and at certain speeds may lead to instabilities in the 
movement [4], which is also one of the causes of wear on 
the wheels and the rails [2]. When moving in curved sec-

tions, the forces of interaction in the contact “wheel-rail” 
and the presence of an angle of attack between the wheels 
and the rails can reach such values that they cause very 
intensive wear, defects and breakdowns of the transmis-
sion of the vehicles and the railroad tracks, as well as 
violation of the traffic safety through the emerging risk of 
derailment [6, 7]. A number of rail administrations have 
explored the "wheel-rail" interaction at the design stage, 
testing of test specimens and operational tests. A monitor-
ing system for safety and control of the traffic manage-
ment on the railway infrastructure has been introduced [8, 
9]. 

The problems mentioned above describe the need 
to further investigate the impact of the attack angle on the 
parameters defining the criterion of derailment of the at-
tacking wheel in its travel through a curved section [10] 
and measurements during operating conditions. 

In the last years, in Sofia have been carried out a 
number of studies concerning the movement of trams in 
different technical condition. The measurements per-
formed on different occasions and through different activi-
ties, were executed through different types of bogies. Only 
one measurement parameter has been recorded.  

The previously performed data analysis showed 
that a study is needed, whereas the data across all studies 
to be synchronized and also the data from all receiving 
devices to be analyzed.  

2. DESCRIPTION OF THE METHODOLOGY  
Research of the movement of the attacking wheel-

set of tram bogie T81 involves simultaneous recording of: 
• the accelerations in the axle box 
• the sound of the wheel movement 
• video feed of the wheel position, relative to the rail.  

The T 81 tram bogie (Figure 1) was developed in 
the 1970s to equip trams with a new concept of chassis 
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and power transmission. The T81 has two wheelsets, with 
a two-stage spring suspension, guide of the axle box, with 

a base of 1600 mm. The bulkhead line consists of a single 
set of cylindrical screw springs.  

Figure 1: General view tram bogie type Т81. 

The wheels are type “Bochum 54” (Figure 2), the 
elastic elements (4) are rubber pads between the hub (1) 
and the band (2), laterally secured by the hoop (3). The 
wheel tyre profile T81 (Figure 3) is standardized for Sofia 
City. 

Figure 2: Wheel type „Bochum 54”. 

The measurement will be made during the day 
with tram (TM) type T6M 700 using two routes: 

• from Metro station "Khan Kubrat" to the Iliyantsi dis-
trict;

• from Metro Station "Khan Kubrat" next to the Obelya
district.

Figure 3: Wheel tyre profile of Т 81. 

Research routes include sections with different 
types of tramway construction – ballasted track and em-
bedded track, as well as different tram track conditions – 
new, varying degrees of rail wear and track in satisfactory 
condition. The measurement will be taken with bogie with 
wear on the wheel tyre, suitable for the needs of the exper-
iment. 

The sensors will be mounted on axel box on the 
first wheelset. The recording equipment will be in the 
passenger compartment. 

It is possible to include other parameters measured 
on other routes at the request of the test tram owner "Sofia 
public Electric Transport" EAD. 
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3. TECHNICAL IMPLEMENTATION  
The devices will be mounted via stands which will 

be attached to the axle box of the first wheelset (figure 4). 
 

 
Figure 4: Mounts for the equipment. 

Figure 4 shows the location of the measuring de-
vices. Accelerometers (1) are fastened on the stand just 
below the axle box. The microphone (2) is fastened to a 
stand, positioned on the side of the right wheel. The video 
cameras (3) are placed in front of the attacking wheels so 
that they are right in front of the working side of the 
flange. 

Recording and control devices will be located in the 
passenger compartment. 

4. DESCRIPTION OF THE METHODS OF ANALYSIS 
Title of the paper, the abstract and the keywords list 

are written in a text section with one column, while the 
body of text, acknowledgements and references are written 
in a section with two columns. The width of the columns 
in the second section is 8.35 cm, with spacing 0.8 cm 
between them. The columns at the last page should have 
equal length. 

4.1. Sound analysis 
The measurement will be performed using a cali-

brated microphone, sound card and personal computer 
(Figure 5). The results obtained will be processed using a 
software product analyzing the noise parameters generated 
by the sound sources. 

The measurement stage includes the following de-
vices: 
• USB Sound Card "LEXICON I-O 22". 
• Measuring microphone "DBX RTA-M" 
• Microphone cable - to connect the measuring micro-

phone to the sound card. 
• Software product for analysis of noise parameters. 

sound card computer

m
ic

ro
ph

on
e

Measuring instruments

 
Figure 5: Diagram of the measuring system 

The microphone is selected to be of Class 1, thus 
meeting the requirements of IEC 61672-1: 2013 [11]. In 
order to record only the noise of the tram and in particular 
the noise emitted by rolling the wheel along the rail and 
minimizing the side noise. The microphone will be posi-
tioned on a stand opposite to the right wheel (Figure 4).  

The sound card is high-end class, providing better 
recording quality. The use of +48V phantom power for the 
microphone ensures low attenuation and parasite noise. 

The processing of the recorded data will be done 
with NoiseLAB, performing SPL or octave analysis. 

4.2. Acceleration analysis 
In numerous scientific articles, devoted to the as-

sessment of the state of the railway track, are used parame-
ters of the dynamic response, which is caused by the inter-
action of the systems vehicle-road. These are: the dynamic 
forces in the wheels of the rolling stock; the induced noise; 
the linear and angular accelerations. A method for as-
sessing the railway track condition is proposed in [12] 
using the measured vertical accelerations in the axle box 
of wheelset of tram. In the upcoming measurements, apart 
from the vertical accelerations, the lateral accelerations of 
the wheelset are also evaluated using a measuring system 
whose block diagram is shown on figure 6. 

The mounting place of the measuring system, Fig-
ure 4, is chosen from the requirement to provide a propor-
tional, frequency independent wheel-road connection. The 
three axes linear accelerometer produced by MEMS tech-
nology is used to measure linear accelerations. The built-in 
satellite navigation receiver works with the signals from 
the GPS system. The working algorithm of the system 
provides for each sample of the geographical coordinates 
to record the accelerations in the given point, also, the 
number of recorded samples of acceleration is dependent 
on the programmed clock sampling frequency. This fre-
quency can be 40 or 160 Hz. Data is recorded on a SD 
card with a maximum capacity of 2 GB, which is suffi-
cient for continuous recording for about 40 days. The 
satellite navigation receiver not only delivers geographic 
coordinates, but also coordinated universal time (UTC), 
which is convenient for combining data from different 
sources, recorded at time synchronized with the UTC one. 
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This is used in the algorithms to process data from measur-
ing the noise and video measurement of motion of the 

wheelset and their synchronization with the accelerations. 

 
Figure 6: Block diagram of the measuring system 

The measurement system was extended by adding a 
gyroscope mounted to the accelerometer to measure the 
angular speeds of the wheelset in three directions. This 
provide additional information about the attacking wheel-
set behaviour while motion.  

Measured data is processed in Matlab. Statistical 
data processing according to [12] is applied in the time 
domain, and peak and effective values of inertial data are 
determined. Data is additionally processed in the frequen-
cy domain for their filtering and determination of their 
spectral characteristics.  

Due to lack of recommended threshold values for 
the accelerations in tram wheelsets, ensuring its safe 
movement, threshold values are borrowed from the rail-
road transport [13]. The evaluation of the lateral accelera-
tions in the wheelset is made using the derailment risk 
assessment. These are the peak lateral acceleration, which 

should not exceed 12
5

bM −  
 

 and the effective value, 

which should not be greater than 6
10

bM −  
 

 in the fre-

quency band 0 2f Hz . Where Mb is the mass of the 
wheelset, fo is its resonance frequency. The developed 
algorithm depicts locations with poor track geometry on 
map and places where whistling occurs and there is a risk 
of derailment.  

4.3. Analysis of the video footage 
The monitoring of the position of the wheelset dur-

ing motion is necessary to determine the relationship be-
tween all remaining recorded parameters. The visual track-
ing will make it easier to synchronize data from other 
sensors. Of particular interest is the position of the wheel-
set in relation to the rails during squeal. 

5. RESULTS OF STUDIES CONDUCTED TO DATE 
The method of analysis by measuring the accelera-

tions generated in the chassis of railway vehicles as a 
consequence of road misalignment can be applied in both 
directions. Originally the method was developed to assess 

the condition of the tram track, but in several successive 
measurements was made an assessment of the impact of 
the rail on the vehicles. 

 

 
Figure 7: Place of installation of meters on the bogie 

frame. 

In 2014, the acceleration was measured in the T81 
tram carriage frame above the BRC [14] in search of the 
causes for the occurrence and development of cracks in the 
transom beam of the frame. Measurements were made at 
two points of the frame (Figure 7), the measurement being 
made along the route shown in Figure 8. 
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Figure 8: Route measurement. 

Part of the results are shown in Figure 9 – average 
acceleration values and Fig. 10 - maximum values.   
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Figure 9: The peak value of the acceleration of the cha-

chateaux spring from BRS 
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Figure 10: Effective acceleration of the cup spring from 

BRS 

On the basis of these values was performed analysis 
by finite element method and was made Stress Analysis of 
the chassis frame (Figures 11 and 12) 

 
Figure 11: Tensions in bogie frame, with an average ac-

celeration. 

 
Figure 12: Tensions in bogie frame at maximum accelera-

tion. 

Also in 2014 "Sofia public Electric Transport" 
EAD ordered a comparative analysis between the two 
types of elastic wheels [15]. By measuring the accelera-
tions near the bearing block (figure 13), the properties of 
the various elastic elements in the tram wheels had to be 
assessed.  

 
Figure 13: Installation of the measuring instruments. 

Figure 14 shows some of the measurement results. 
On the basis of these results, it was concluded that the 
wheels "Tatra" could be replaced by wheels "Bochum 54" 
without altering the quality of the tram ride. 
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Figure 14: Accelerations in overcoming crossings. 
In the same year, the method was applied by an ex-

perimental calculation of the own frequency of the tram 
bogie T81 [16]. Part of the results are shown in Figures 15 
and 16. The theoretical calculation of the own bogie frame 
frequency was confirmed by the test results. 

Figure 15: Spectral composition of accelerometer and 
gyroscope signals 

In 2015 a measurement of the condition of the tram 
tracks has been conducted in Sofia [17].  Used is a method 
for evaluating the condition of the track using the meas-
ured accelerations in the three axes, in the axle box of the 
tram. The sensors were mounted on a T8A2-BG Tatra 
CKM tramcar, undergone major overhaul. 

Figure 16: Spectral composition of signals obtained by 
wavelet conversion 

The area where the study was conducted is shown 
in Fig. 17. 

Figure 17: Route of the measurements.  
The study route was chosen by two evaluation cri-

teria: 
• type of construction – ballasted track, track on concrete

base, panels construction;
• service years.

The objective is to assess the condition of the track 
with different types of construction, according to the year 
of commissioning. 

The assessment method is based on determining a 
threshold value, to which the received accelerations are 
compared. As such, it is chosen to be the median value of 
the data obtained from the particular measurement. This 
choice avoids single maximum acceleration values. For a 
measure of scattering, the standard deviation σ is chosen. 
The threshold values in the different sections of the sur-
veyed route were calculated, on the basis of which analysis 
and conclusions were drawn on the state of the track in the 
different sections [17]. 

Fig. 18: Route marked where the effective acceleration 
values exceed the specified threshold value 
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Fig. 18. shows the route of the tramway where the 
effective acceleration values exceed the specified thresh-
old (determined from the data of the whole route section) 
by 3 σ. 

The analysis of the results shows that the rail sec-
tions with panels have several times higher accelerations 
compared to those with a concrete base and short service 
life. Increases in acceleration values are seen as a result of 
tram track operation during the time. 

Along with the acceleration, a noise level meas-
urement was also made at the axle box.  

In order to isolate ambient noise as much as possi-
ble, the measurements were made at night, between 0.30 
and 4.00 am. At this time there is no traffic in the main 
city arteries, the running speed may be more even, and 
stops are significantly less. 

The microphone was mounted on a stand by posi-
tioning it on the side of the right wheel. Part of the result-
ing record is shown in Figure 19. 

 

 
Figure 19: Recording of the noise of one of the wheels. 

The analysis of the record showed that the noise 
levels generated by the wheel contacting the track have an 
average value of 60dB. Jointed track have peak values of 
about 70dB in the joints. 

The squeal noise in curves is unpleasant and quite 
irritating, but as values it also does not exceed 70 dB. 

6. EXPECTED RESULTS 

6.1. Noise 
Squeal from the wheels and rails contact is a noise 

that is not constant and is addition to the overall noise of 
the running of the rail vehicles. This effect is extremely 
irritating and is the main cause of protests by people living 
along tram routes. The purpose of the study is to locate the 
causes of its occurrence. To find the relationship between 
squeal and the state of the tracks: type and degree of rail 
wear, tram speed, curve position, curve radius, and so on. 

It is also necessary to assess the effect of the noise 
reduction systems used to date, such as mounting of lubri-
cants, the application of different types of noise protection 
elements, and others 

6.2. Condition of the track 
An analysis of the state of the track in the individu-

al sections will be made, using the acceleration measure-
ments and the methodology shown in V.V. The additional 
noise measurement data generated by the wheel - rail in-
teraction will make it possible to determine the difference 
in noise levels at sections with different road conditions as 
well as in curves of different radius. As said before, the 
causes of squeal will be analyzed in terms of track parame-
ters, state and type of rail construction, and curve entry.  

The acceleration and noise data will be supple-
mented by camera footage, which will allow viewing of 
images in sections with acceleration near the thresholds, 
curve fitting, etc. This information will provide an oppor-

tunity for a broader analysis of the investigated sections 
and particularities of the wheel - rail interaction  

6.3. Wear of the wheel tyre – types and degrees of wear 
Conclusions made so far about the different ways 

of wearing wheel tyres are based on a comparison of vari-
ous factors that are supposed to be influential. Such are: 
road state information on the various sections, data on the 
operation of the units, ie. constant movement over one 
single route, data on chassis repairs, and more. The up-
coming study will clarify the links between the different 
types of wheel tyre wear and the ways in which the wheel-
set contacts with the track.  

The position of the wheelset with respect to the 
track and its contact with the rails will provide an explana-
tion for the different types of wheel tyre and rail wear. 
There are virtually simultaneous defects on the road - with 
a long collapse of one rail there is a short collapse of the 
other, staggered long collapse of the two rails with over-
lapping, long sections with extreme wear on the rails and 
others. Such factors influence the wheels at the same time 
and result in a combination of two or more types of wear. 

Interest is the so-called. high wear on the non-
working side of the beads, which greatly reduces the wheel 
tyre resource. It is assumed that the reason for this wear is 
the moving on a track with extremely worn grooved rails. 
In a straight section, the winding of the bogie in combina-
tion with a modified track gauge in the positive tolerance 
or with the continuous failure of one rail leading to con-
stant contact of the other wheel with the rail flange. In a 
curve with a small radius and worn rails, the guiding force 
is likely to be realized in the contact point of the inner rail 
with the forehead of the rib 

7. CONCLUSION 
The team, which developed the described method-

ology, expects the results of this study to prove or reject 
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the suggestions made so far about the reasons for wheel 
and rail wear and serve as a choice of methods and tech-
nical solutions to combat noise. The methodology de-
scribed above can be expanded and used as a basis for the 
equipping of a measuring tram for railway control. 
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This paper analyzes impact of the individual characteristics of the railway vehicles and the whole train composition 
to achieve a certain braking distance under different conditions.  This paper also discusses the impact of the characteristics 
of critical sections of Belgrade - Bar railway line to train braking distance. As the empirical equation for train braking 
distance established, the modified equation established too, taking into consideration basic and periodical resistance of the 
train together. At the same, the newly established values are compared to values of previously length of train braking 
distance. On the basis of the obtained results the appropriate conclusions are given. 

Keywords: train braking distance, train characteristics, resistance of train
1. INTRODUCTION 

The basic requirement for the safety of railway 
traffic is that the train can be stopped at any time, in any 
place and on the length of the prescribed stopping 
distance. During the last decades at railway traffic around 
the world the movement speed of passenger and freight 
trains are increasing. One of the basic conditions for 
introduction of higher speeds is using effective and safe 
brakes, which are able to react at any time when need 
arises and to stop the vehicle or train at the prescribed 
length of stopping distance. 

Braking of traction vehicle and whole train 
composition is performed by brakes which have to slow 
down or stop the train that has a certain mass and length, 
by specified deceleration, at the prescribed length of the 
braking distance and at all conditions of exploitation.  

In order to achieve this it is necessary that all the 
mentioned values are set to each other in such addiction 
that assigning of one size provides determining the 
necessary values of other sizes. 

2. TRAIN BRAKING DISTANCE 

The entire braking distance of the train can be 
viewed as the sum of two distances. The first distance is 
bound for the time period between moment when became 
necessary apply braking to the moment when engine driver 
started braking process. Other distance is related to the 
process of train braking. 

Train braking distance directly depends on the 
deceleration that is achieved during braking and 
movement speed at the starting process of braking. 
Deceleration directly depends of the mass of braked train 
and the interplay between the train braking force and 
resistance force which appears at braking distance of the 
train. 

2.1. Train braking distance depending on deceleration 
Train deceleration depends on the forces that affect 

movement of train during braking. If the train braking 
distance expressed by decelerating then it is possible to 
show braking distance value through addiction to 
mentioned forces.  

In order to express braking distance using 
deceleration it’s need to start from general expressions for 
deceleration (i.e. acceleration) and distance: 
 

 
(1) 

Where: 
 – average speed during observed time interval  

(hereinafter ); 

Because of: 
 

 
(2) 

Then: 
 

 
(3) 

If, in this expression, time „t“ writes as: 

 
 

(4) 

Then expression for distance becomes: 

 
 

(5) 

Knowing the principle of train brakes functioning, 
expression (5) thus written cannot be used for precise 
determination of train braking distance. When starting the 
process of train braking, train brake force gradually 
increases until reaching its set value. Depending on the 
type of applied brakes, braking mode, moving speed and 
other factors the time, required to achieve maximum brake 
force, varies. The train basic resistances also depend on 
the movement speed. Considering that train deceleration 
depends on the forces that affect the train movement, it's 
understandable that, during train braking, deceleration is 
variable size. By increasing the brake force deceleration is 
also growing. Deceleration is proportional to brake force, 
but inversely proportional to train basic resistances. 
Observing the train extra resistances, then it’s seen that the 
deceleration is in very complex dependency with all forces 
that affect the movement of the train during deceleration. 
As deceleration can be changeable at any moment in time, 
it’s most precise taking value of deceleration for each little 
interval of movement speed changing and time change.  
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By mathematical notation of using expression (5), 
train braking distance can be calculated using the formula: 

 

 
(6) 

 

 

 

 

(7) 

Where: 
 – train driver reaction time. 

  

 
(8) 

When establishing train braking process there is 
rising pressure in brake cylinders until reaching its 
maximum value. Brake force follows rise of pressure and 
train deceleration, at unchanged movement resistance, 
follows the braking force and is rising consequently. The 
train resistances are dependent on train speed and in case 
of reduction movement speed their value decreases. 
Deceleration value, in terms of dependence on the 
movement resistance, should be decreases, but during 
trains braking, total train brake force has to be such value 
to prevents deceleration reduction at low speeds. When it’s 
valid, expression (8) is written correctly. When the 
pressure in brake cylinders reached the largest value, then 
it’s the largest value of brake force and the greatest value 
of deceleration is achieved: 

  (9) 

2.2. Ratio of deceleration, brake force and movement 
resistance 

Train braking force and train movement resistances 
together affect the deceleration of train. As the force 
depending on the mass that slows, also the deceleration 
depending on the mass when the value of the force is 
known. Based on this, can be written: 

 
 

(10) 

i.e: 

 
 

(11) 

The values in the expression: 
 – braking force of entire train, 

 –sum of train movement resistances during braking, 
 –mass of entire train and 

 – train deceleration. 

2.3. Train movement resistances 
There are several different partitions of train 

movement resistances. They can be classified into the train 
basic resistances and train occasional resistances. The train 
basic resistances include basic resistances of traction 
vehicles (locomotives) and basic resistances of towed 
vehicles (wagons). By movement speed increasing the 

value of these resistances increasing too. The occasional 
train resistances include slope resistances, curve 
resistances, wind resistances, tunnel resistances and others. 
Among them, only tunnel resistances are dependent on 
movement speed. All resistance dependencies of speed are 
squared, which means that resistances does not vary 
linearly at speed changes, but dependence is in the form of 
parabola. It is obvious that some of these resistances affect 
on train acceleration, and some affect on train 
deceleration. Basic movement resistances, curve 
resistances and tunnel resistances slowing train. Slope 
resistances, depending on whether it is positive or negative 
slope value, they can accelerating or decelerating the train. 
Wind resistances, depending on the wind direction, also 
affected movement of trains. 

Total train brake force value has to be so high that 
train can unconditionally stops at the prescribed length of 
braking distance. This means that brake force value must 
be greater than all resistances that enhance movement. 
This is especially important during train braking on the 
decline, considering that slope resistance values may have 
a very great value. 

3. TRAIN BRAKE FORCE 
In order to obtain value of brake force for the entire 

train must be known brake forces of all train vehicles. Sum 
of braking forces of all train vehicles represents a braking 
force of the whole train (12). 

 
 

 
(12) 

Value of brake force of individual vehicles depends 
on the type of applied brakes on the vehicle and of the 
characteristics of this brake. At all railway vehicles, except 
certain vehicles for repair, inspection and tracks 
maintenance, must exist the indirect automatic brake. 
These are pneumatic brakes in which braking depending 
on air pressure in the train main air conduit. They are 
called automatic because they automatically take effect 
due to falling air pressure in the main air duct. Indirectly, 
because the air in brake cylinders, for these brakes, comes 
from auxiliary reservoir, but not as direct, where air comes 
in brake cylinder from main reservoir. From the fall of air 
pressure value in the main air conduit depends how much 
would be value of air pressure increase in the brake 
cylinder, and therefore value of achieved brake force. 
When train break occurs a sudden drop in pressure of main 
air conduit occurs too and then achieves the maximum 
value of brake force in the shortest time.  

3.1. Determining train brake force 
In order to determine brake power or examine the 

ability of braking individual railway vehicles, 
experimental braking performing. In these experiments 
vehicles are accelerated to a certain movement speed, and 
then start braking vehicles at maximum braking force. 
Towed vehicles achieved maximal value of the brake force 
by breaking of train, or uncoupling these vehicles at 
movement of certain speed. Vehicles rapidly reach 
maximum brake force value and then, by approximately 
constant deceleration, moving to a stop. These 
experiments are carried out mostly on horizontally part of 
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railway route without curves, because the slope and curve 
resistances would complicate collecting results process. 
After stopping the vehicle the distance travelled during 
rapid braking is measured and determines the braking 
mass of the vehicle. In order to determine maximum value 
of vehicle braking force experiment can be repeated 
several times. Then, the achieved average length of 
stopping distance and average elapsed time get the value 
of the average vehicle deceleration. 

It is clear that in each experiment mass of the 
vehicle is same. Value of the vehicle basic resistances in 
each experiment has approximately the same value. 
Follows these experimental conditions the approximate 
value of vehicle braking force can be determined. 

Based on (7) and (11) expression for calculation of 
approximate length of achieved stopping distance in the 
experiment can be written: 

 

 

 

(13) 

Where: 
 – brake equipment response time, from moment of 

seduction process of rapid braking to moment when the 
maximum pressure in vehicles brake cylinder established, 

 – initial speed of braking process, 
 – vehicle mass, 
 – vehicle braking force and 

 – basic vehicles movement resistances. 

At the first part of the product expression time and 
speed is divided by two, which is made an approximation 
of expression (7). This is done because of expression 
simplification, but considering that braking, at one time, 
performed by the maximum braking force, which is very 
quickly established at process of fast braking. This factor 
is representing a part of distance corresponding to time 
required for establishing value of maximum braking force. 
It further, follows from expression (13) leads to the 
expression for calculation individual vehicle braking force: 

 

 
(14) 

It is known that vehicles main movement 
resistances are equal to product of the vehicle mass and the 
vehicle basic, specific, movement resistances: 

  (15) 

 – vehicle basic, specific, movement resistances 
(vehicle movement resistances value expressed per unit of 
mass of the vehicle). 
According to expression (15), vehicle braking force (14) 
becomes: 
 

 
(16) 

The proof of accuracy of this expression is reduced 
to a simple mutual correspondence between units of 
specified physical quantities in this expression. Value of 
the vehicle braking force, determined in this way, is 
correct under the condition: 

  (17) 

 
Where: 

 – maximum achieved vehicle braking force value, 
 – maximum vehicle adhesion force, 

 – adhesion coefficient, 
 – gravitational force acceleration. 

The maximum value of vehicle braking force must 
not exceed the maximum vehicle adhesion force. When 
exceeding occurs then vehicle axles become blockaded 
and vehicle wheels started to sliding on rails instead of 
rolling on. The sliding of two metal surfaces, one on 
another, friction that occurs between this two surfaces 
depends on the material properties of these surfaces. The 
sliding force depends on friction of contact surfaces. 
Rolling force and braking force contribute to deceleration 
of the vehicle. In the routine of railway vehicles is often 
the case that the value of the sliding force is less than the 
braking force. Therefore, deceleration of the vehicle which 
slips is less than in the case of the vehicle with wheels 
which normally rotate during braking. This results an 
increase in the length of braking distance of vehicle with 
blocked axles. In order not to bring into question the safety 
of rail traffic, wheels sliding on rails must not be allowed. 
Modern railway vehicles are equipped with some braking 
devices which prevent axles blocking. These devices 
respond to first occurrence of wheel slip and reduce value 
of braking forces acting on axis wheels which slip. In this 
way it is possible to maintain braking force value along the 
border of adhesion force. In this way during braking the 
maximum brake force value is achieved and it’s 
approximately constant and consequently approximately 
constant value of vehicle deceleration. 

The maximum value of vehicle adhesion forces 
depends on the vehicle mass and adhesion coefficient. As 
the adhesion coefficient is variabled size, value of 
adhesion force changes depending on it. The adhesion 
coefficient depends on many factors and determining its 
value is a very complex process. It is known that its value 
decreases with worsening of conditions at contact point of 
wheels and rails (humidity, ice, grease, leaves and grass) 
and also decreases with increasing of vehicle speed. 
Declining of adhesion value is much more pronounced at 
higher speeds. For purposes of this paper vehicle speed 
will not exceed 100 km/h and until this speed there is no 
significantly changes of adhesion coefficient values. 
Furthermore deeply into issues of adhesion will not be 
subject of this paper. 

3.2. Ratio of train braking force and other parameters of 
train movement 

Once it is determined the braking force value of 
each train composition vehicle then it’s possible to 
determine the brake force of the whole train. The sum of 
all vehicle braking forces gives a total train brake force. 
Train brake force is directly related to train deceleration. 
Using expression (7) train maximum deceleration can be 
written as follows: 

 

 
(18) 
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If a braking distance for some speed is known 
value, then can be determined required train deceleration 
that would satisfy this length of braking distance. The 
value of obtained deceleration defines the minimum value 
of train brake force. If the value of brake force is greater 
than or equal to the minimum necessary braking force 
value, then the train certainly be stopped at the prescribed 
length of braking distance. It is clear that sum of all 
braking forces of individual train vehicles must be greater 
than or equal to the minimum necessary braking force 
value. 

 
 

(19) 

Where: 

 – minimum necessary train brake force value and 
 – maximum prescribed length of train braking 

distance. 
Such written requirement for necessary train brake 

force value can be used for comparing train brake force 
depending to preset train movement parameters for certain 
train composition, at the specific railway line and the 
specific place of train braking. It is possible to write this 
by inequality using some of the previous expressions (10) 
and (18). 

 

 
(20) 

The proof of accuracy of this expression is reduced 
to a simple mutual correspondence between units of 
specified physical quantities in this expression. Inequality 
(20) can be used to finding the minimum train brake force 
value, which is necessary to unconditionally stopped the 
train at the prescribed length of braking distance, at some 
speed of movement and at a certain section on the railway 
line. 

At movement speed  train has achieved 
maximum brake force value and braking at maximum 
deceleration. During braking, without releasing brakes to a 
stop, this deceleration remains unchanged until the 
moment of stopping. 

4. REQUIRED TRAIN BRAKE FORCE AT CRITICAL 
SECTIONS OF BELGRADE – BAR RAILWAY LINE 

Route of railway line from Belgrade to Bar is one 
of the most complicated and the most demanding, as for 
maintenance as well exploitation. This railway line 
abounds high bridges, long tunnels, deep clefts, high 
embankments and small radius curves. The major part of 
the route is situated in hilly and mountainous terrain. 

Considering that it is a mostly hilly route, 
overcoming height difference at a short distance achieved 
by the construction of big gradient values. Often the big 
gradients are places where trains, because of traffic or 
other reasons, stop. The most common example of such 
places are station home signals. 

Prescribed stopping distance also depends on the 
maximum permitted speed of some railway line section. 
For speeds from 80 km/h to 100 km/h prescribed stopping 
distance is 700 m. If trains braking on the part of the route 
where gradient has negative value, i.e. the negative 
resistance value of gradient, then it is normal to increase 
stopping distance. For that reason, the most railway lines 
have extended necessary length of stopping distance, if the 
braking sections have a negative gradient. For the 
mentioned speeds, the length of stopping distance for 
negative gradient sections, be longer than 700 m. 

Specifically for this railway line is uniform length 
of stopping distance, regardless of the movement speed 
and gradient of sections where trains braking to a stop. 
Prescribed length of stopping distance on the Belgrade - 
Bar railway line is approximately 1000 m. The reason for 

this is planned installation of automatic block system, i.e. 
block signals. Each distant signal, is shifted from station 
home signal at about 1000m. This is usually distance 
between them. Automatic block system on this railway 
line is never done, but distant signals remain in places for 
future installation of block signals, at a distance of 1000 m 
in front of home signals. 

Length of stopping distance 1000 m under normal 
conditions, speeds up to 100 km/h, at parts of the railway 
line in a small negative gradient and for normal braked 
train is enough. Problem represent parts of the route which 
are largely represented by large negative gradients. Under 
the term “small negative gradient” are considered default 
gradients usually represented on the lines, in the range 
between the horizontal and gradient of about ten promiles. 
Each gradient greater than about ten promiles in this paper 
is discussed under the term “greater negative gradient”. 
4.1. Critical sections of the Belgrade – Bar railway line 
where trains stop 

As at on a large part of the Belgrade – Bar route are 
gradients greater than ten, it is clear that there are sections 
of route where it is difficult to stop trains. When looking 
parts between distance and home station signals, track 
sections in gradients from 15 ‰ to 20 ‰ are, for example: 

- Valjevski Gradac – Lastra, 
- Užice – Stapari, 
- Stapari – Sušica, 
- Sušica – Branešci, 
- Bijelo Polje – Kruševo, 
- Kruševo – Mijatovo Kolo, 
- Mijatovo Kolo – Mojkovac, 
- Mojkovac – Trebaljevo, 
- Trebaljevo – Kolašin, 
- Kolašin – Mateševo, 
- Mateševo – Kos and 
- Kos – Trebešica. 

Considering that there are many sections with a 
gradient greater than 10 ‰ and 15 ‰, critical sections, in 
this paper, shall be considered the ones between distance 
signals and station home signals which have gradients 
greater than 20 ‰. There are three such sections: 

- Trebešica – Lutovo, 
- Lutovo – Bratonožići and 
- Bratonožići – Bioče. 
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In case of any need to stop trains at home signals 
some of the above stations (home signals of Lutovo, 
Bratonožići and Bioče, because the railway line on that 
part have negative gradient in direction to Podgorica) train 
braking is performed on negative gradient of 25 ‰. 
Distances between distance and home signals have one 
parts without curves and other parts with curves. Radius of 
these curves are in the range from 300 m to 500 m.  

For purposes of simplified calculations in this paper 
is considered a curve radius of 400 m and length of 300 m. 
Maximum permitted speed of trains on these three sections 
is 60 km/h. On each of these sections there are tunnels of 
different lengths. 

4.2. Values of resistances force at the critical sections of 
the Belgrade – Bar railway line 

Total force of resistances that occur on the line is 
equal to the sum of all individual resistance forces 
(hereinafter referred as resistance). For the present case 
there are locomotive basic resistances, vehicle basic 
resistances, resistance of gradients, curve resistances and 
tunnel resistances. 

Locomotive basic resistances (21) depend on 
constructive characteristics of locomotives and in some 
cases their value given by locomotive manufacturer, in 
some cases are determined experimentally, but it is 
possible to adopt a certain value, as in the case of this 
paper. Values for locomotive basic resistances for different 
speeds of movement amounts: 

  

 

 

(21) 

During train braking different locomotive basic 
resistances act on the train at any moment. With adequate 
precision it could be taken a unique value obtained as 
average of the values at different speeds from the range of 
speeds during braking. Then the locomotive basic 
resistances are equal: 

  (22) 

Vehicle basic specific resistances depend on 
movement speed and total vehicle basic resistances are 
equal to product of their specific values and total mass of 
all vehicles. Specific values can be found using the known 
forms which are applicable on railway. 
 

 
(23) 

Coefficient „k“ depends on the type of train 
composition. In the case of mixed freight train 
composition , if it is a freight train 
homogeneous composition  and in the case of a 
passenger train of four-axled passenger vehicles then 

. The calculated values of vehicle basic specific 
resistances are shown in tables. 

Table 1: Basic specific vehicle resistances of mixed freight 
train composition 

 60 50 40 30 20 10 

 0.057 0.057 0.057 0.057 0.057 0.057 

 3.69 2.89 2.20 1.60 1.08 0.60 
 

  
Table 2: Basic specific vehicle resistances of 

freight train homogeneous composition 
 

 60 50 40 30 20 10 0 

 0.032 0.032 0.032 0.032 0.032 0.032 0.032 

 2.79 2.27 1.80 1.37 0.98 0.57 0.09 

Table 3. Basic specific vehicle resistances of passenger 
train 

 60 50 40 30 20 10 0 

 0.025 0.025 0.025 0.025 0.025 0.025 0.025 

 2.54 2.09 1.69 1.31 0.95 0.57 0.09 

During train braking different vehicle basic 
resistances act on the train at any moment. With sufficient 
accuracy can be taken a unique value obtained as the 
average of values at different movement speeds from the 
range of speeds during braking. 

Masses of trains for purpose of this case amount: 
- 880 t for all freight train vehicles, 
- 120 t for locomotive and 
- 120 t for three passenger coaches. 

Accordingly mass of observed freight train is 1000 t and 
mass of observed passenger train is 240 t. 

Using the values of previously set masses, vehicle 
basic resistances are: 
 

 
(24) 

 
 
(25) 

 
 
(26) 

Where: 
 – vehicle basic resistances of mixed freight train 

composition, 
 - vehicle basic resistances of freight train 

homogeneous composition and 
 – vehicle basic resistances of passenger train. 

Gradient resistances depend on mass of the train 
and specific gradient resistances. Specific gradient 
resistances numerically are equal to gradient values 
expressed in promiles. For the observed part of the railway 
line which is located on a constant negative gradient of 25 
‰, gradient resistances values are: 
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(27) 

(28) 

Where: 
– gradient resistances of freight train,
– gradient resistances of passenger train,

– specific gradient resistances,
– mass of freight train and
– mass of passenger train.

Curve resistances depend on specific values of 
curve resistances, mass and train length. Dependence of 
these resistances on the length of train exists only if the 
length of train is longer than length of curve. For the 
purposes of this calculation the length of each train is 
shorter than the length of the curve. Specific values of 
curve resistances depend on curve radius values. Specific 
values is possible to find using the known forms that apply 
to the railway. For analyzed example curve resistance 
values are: 

(29) 

(30) 

Where: 
– curve resistance of freight train,
– curve resistance of passenger train,

– specific curve resistance and
– curve radius.

Considering that the three observed sections
include short rail tunnels, resistance value of the tunnel is 
ignored. Sum of all resistances makes resistances force 
and it is equal to the sum of the previously calculated 
resistances: 

(31) 

Table 4: Sum of all resistances of three different train 
compositions 

Type of 
train 

composition 

Mixed freight 
train 

composition 

Freight train 
homogeneous 
composition 

Passenger 
train 

-21385 daN - 21675 daN - 5190 daN

4.3. Brake force of three different train compositions 
In order to determine train brake force, using 

expression (20), next to known and by now calculated 
values it remains to determine the values of individual 
decelerations and speeds which figuring in this expression. 
Train deceleration can be found using expression (7). 
When train is braked by maximum braking force, then at 
the calculation of stopping distance it is enough to use 
three speed ranges and three different deceleration values. 
Thus calculated value will have acceptable accuracy. The 

proof for this claim is the value of one train deceleration in 
the range up to 4. second since the initiation of braking, 
when established pressure value in brake cylinder 
corresponding to initial stage of braking, then the value of 
deceleration in the range from 4. second to the moment of 
establishing half of the maximum pressure value in brake 
cylinder and the final value of deceleration (maximum 
achievable train deceleration) at the last time interval, 
corresponds to maximum achievable pressure in brake 
cylinder and which remains unchanged to a stop. Each 
time interval corresponds to certain change of movement 
speed. Length of stopping distance of such braked train is: 

(32) 

Diagram of train braking distance for the present 
case is shown in Figure 1. 

Figure 1. Train braking diagram 

By replacing the appropriate values into expression 
(32) the required deceleration values are obtained. During
the first interval of the observed braking in brake cylinder
pressure increase is established and it takes approximately
4 seconds. In the second interval pressure in the brake
cylinder increases to a certain value corresponding to
approximately one quarter of maximum pressure which
will be achieved in the shown braking, without brake
release or reduction of pressure. In the third interval
pressure in the brake cylinder continues to increases and
the increase lasts until it reaches maximum pressure
corresponding to given loss of air pressure in the main
train air conduit. During the entire fourth interval the
maximum air pressure in the brake cylinder is presented
and then the train has approximately constant value of
deceleration. According to previously written, and follows
expression (32) it is possible to find train maximum
deceleration value.

(33) 

Maximum required train deceleration, for the 
length of stopping distance of 1000 m, initial speed 

, end speed  and for the values 
 and  from the braking 

diagram is: 
The minimum required train brake force, that 

would enable previously calculated value of the maximum 
deceleration is obtained based on expression (10) and its 
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values, for the three discussed types of train, are given in 
the table 5. 

Table 5: The minimum required train brake force value 

Type of 
train 

composition 

Mixed freight 
train 

composition 

Freight train 
homogeneous 
composition 

Passenger 
train 

 49285 daN 49575 daN 11886 daN 

 
The same value of of the minimum required braking force 
are obtained by replacing the same values the speeds and 
decelerations into expression (20). 

5. CONCLUSION 
In train traffic planning it is often necessary to 

introduce into traffic some new train or to modify existing 
train composition. Also, at the railway is common 
introduction of new rolling stock, special traction vehicles. 
Each railway vehicle must fulfil conditions of certain 
standards that it would be able to operates on some railway 
network. Each railway line on the same network has its 
own characteristics, which is different from other. For 
example such is the Belgrade – Bar railway line which has 
route characteristics significantly different from other 
railway lines in the region. 

When arises need for homologation or testing of 
new vehicle then special attention is paid to the braking 
characteristics of the vehicle. For existing fleet some 
parameters of vehicles braking characteristics are already 
fortified. Follows from vehicle braking characteristics 
values of maximum vehicles braking force is known. In 
case of need, this value can be used for finding some other 
important parameters during braking. Same is true in the 
opposite, when the values of some parameters of braking 
must be fulfilled, then by using the values of braking 
forces is checking if vehicles satisfy these parameters. 
Parameters of individual vehicles, into sum of all vehicles 
together, may provide significant parameters of the entire 
train compositions. 

This paper presents a few ways to compare each 
other parameters values of the train and individual vehicles 

during their braking to a stop. Relation between the 
braking force, distance, deceleration, resistance force, 
movement speed and elapsed time is considered. To make 
it easier to comprehend the full story related to problems 
of train braking at the critical sections of some railway 
line, example of three different train braking is made for 
critical sections of the Belgrade – Bar railway line. 
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The report examines the present system for detecting irregularities and the methodology to fulfil repairs on the 
railway network in Bulgaria. There is a review made of the different defects and deviations from the geometry which 
required maintenance work on railway track. In the report is made an analysis of the problems in infrastructure 
maintenance work. Based on the analysis are described possibilities of applying methods to predict the deterioration of the 
railroad and optimization of track maintenance. The report aims to establish the workability of methods for optimizing 
maintenance and cost effectiveness of the Bulgarian railway track maintenance in presence of limited funds for 
maintenance. Based on this analysis the report presents recommendations for opportunities to integrate the optimized track 
maintenance systems. 
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1. INTRODUCTION 

The railway network in Bulgaria is 4071 km long 
with a standard track gauge of 1435 mm, of which 24% is 
double-track and 67% electrified. The maintenance and the 
repair works of the railway lines are integrated into a 
complex system of activities which are carried out 
according to the technological processes for a certain type 
of repair. The main section for exploitation and 
maintenance of the railway infrastructure in the country is 
the “Railway infrastructure and equipment”. This unit 
performs monitoring of the good railway condition. As a 
result of the system reorganization it is necessary to 
implement methods to improve the availability of the track 
in order to reduce the maintenance costs, to achieve better 
track conditions and safety of the railway traffic. The 
construction of the strategic railway infrastructure in 
Republic of Bulgaria along the main directions which are 
part of the Trans-European corridors will be accompanied 
by an increased operational traffic and need of 
optimization of the maintenance system. 

2. DEFECTS AND DEVIATIONS IN RAILWAY 
SYSTEM 

2.1. Rails 
The rails are the main element of the superstructure 

which takes over the train load. On the other hand the rails 
support and guide the wheels of the train vehicles. Taking 
over train loads generates greater intensity of deformation 
in the track. 

The determination of the wear depends on the axle 
load, the maximum speed and the distance between the 
sleepers. The largest contact stresses are concentrated in 
the area of the railhead where plastic deformation are also 
created.   

There are two types of the rail wear – vertical and 
lateral. Vertical wear reduces the rail section and 
consequently the rail resistance. The maximum 
permissible vertical wear of the rail is a function of the 
maximum train speed and of traffic load. Lateral wear 
reduces the rail section and consequently the rail resistance 

and affect to the gauge of the track too. As in case of 
vertical wear, the maximum permissible lateral wear of the 
rail is a function of the maximum train speed and of traffic 
load. 

 
Figure 1: Vertical and lateral wear of the rail [1] 

b – the width of the railhead; 
а – vertical wear in the middle of the railhead; 

 – area of the worn profile ; 
ɛ - the area that is in the corners of the profile; 

 – lateral wear measured 14 mm from the top 
edge of the rail at an angle of 45°. 

The side wearing of the rails has different meaning 
from train traffic safety point of view and from protection 
of derailment point of view. 

The total admissible wear is obtained as a sum of 
the vertical and the lateral wear. It is used to determine the 
time which is needed in order for the rails to be changed. 

The maximum admissible vertical wear of the 
UIC60 (60E1) rail is а=22 mm and the maximum 
admissible lateral wear is =11 mm. The total admissible 
wear is 12 mm at speeds of 120 km/h and more, regardless 
of the track classification. In case the web of the rail is 
thinner than 10 mm, regardless of its type, the rail is 
removed from the railroad. [2] 

It is essential for the normal exploitation of the 
railway track to have detection, classification and study of 
the rail defects on time. Defects are catalogued according 
to their position, appearance and cause in the UIC leaflet 
712. The current classification contains 55 different types 
of rail defects. The most common defects are shown in 
table 1. 
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The stress is so high that it can lead to plastic 
deformation of the wheel and the rail, particularly when 
tangent forces (slip, braking and acceleration forces) occur 
together with the vertical forces. [3] 

Those stresses gradually decrease the mechanical 
strength of the rail due to repeated loading. That is called 
fatigue. Once the fatigue limit is reach, the rail is bring to 
failure. 

Table 1: Most frequent rail defects in long welded 
tracks [3] 

Numbering Short designation 
of the rail defect 

111 /211 Tache ovale 
2222 Shelling 
2223 Head Checks 

not contained in the 
UIC leaflet Belgrospis 

227 Squats 
301 Indentations 

125/225 Skid marks 
2201 Corrugation 
2202 Waves 

411/421/431 Cross-cracks (welding) 

Corrugation is one of the most common defects in 
the rails. There are various attempts to explain the 
development of corrugation. It only seems to be certain 
that corrugation is caused by friction, slipping and 
oscillation processes between wheel and rail. Corrugation 
increases the vibration and dynamic stresses of the track, 
reduces durability of the rails and other elements from 
superstructure. The typical wavelength is 3-6 cm, depth is 
0.1-0.4 mm. They occur mainly in places where the 
vehicles move in sinusoidal form. as. e. g. on straight track 
or in curves with large radius. [4]. Corrugations are 
removed by rail planning, rail milling or rail grinding 
machines. 

2.2. Rail fastening 
The purpose of the rail fastenings to maintain track 

gauge and transmit forces acting on and in the rails to the 
sleepers. They contribute to the spatial consolidation and 
ensuring the necessary elasticity of the track. Another 
function of the fastening system used on concrete sleepers 
is to electrically insulate the sleeper against the remaining 
track grid. [3] The rail fastenings perform their function 
normally when they are sufficiently tightened. A moment 
of torsion of 250±10% Nm has to be applied the elastic 
fastenings SKL-14. When a  moment of torsion is less than 
160 Nm have to be retightened under an operating 
condition.  The track section performs control 
measurements using torque wrench to determine the 
moment. 

2.3. Elastic rail pads 
Rail pads serve as an elastic damping element 

which decouple vibration. Only elastic rail pads which are 
able to absorb the torque of the sleepers can absorb the 
forces acting in a longitudinal track direction (acceleration, 
braking and temperature forces).This means that the rail 
pad also has a load distributing effect. The rail fastenings 

must withstand the creeping movement. Creep is 
eliminated by using fastening with a sufficient clamping 
force and ballast with an adequate shearing form. 

2.4. Sleepers 
The Bulgarian Railway Administration uses 

wooden and reinforced concrete sleepers. Replacement of 
wooden sleepers with concrete sleepers is obligatory for 
the construction of a welded track with rails (60E1). The 
main function of the sleepers is to transmit the forces from 
the rails to the ballast bed and to provide stability of the 
track. 

The life cycle of wooden sleepers is 25-45 years - 
depending on the quality and sort of wood used, as well as 
on the methods of impregnation. The wooden sleeper may 
bend or twist due to the drying and impregnation process 
of the wood. Defects of wooden sleepers occur due to base 
plates pressed into the sleeper, widening of the fastening 
holes and occurrence of longitudinal cracks and defects 
due to rusty water coming from the fastenings. [5] 

 
Figure 2: Decay and defects due to rusty water coming 

from the fastenings 
 There are two basic types of concrete sleeper. The 

first one consists of two blocks of reinforced concrete 
connected by a coupling rod or pipe. The second one is a 
monoblock sleeper which is based on the shape of a beam. 

Concrete sleepers are loaded and tested statically in 
accordance with the expected operational loads. It is 
accepted that the monoblock concrete sleepers with “K” 
type rail clip are to be laid in curves with a minimum 
radius of 300 m for jointed track and radius of 500 m for 
welded track. 

When a sleeper is loaded by a wheelset, it is 
advantageous to know which part of the load the 
individual sleeper has to take. Due to the elasticity of the 
permanent way the rail sags and acts therefore as a load 
distributor. The optimum settlement of the rail under a 
22.5 to-axle is about 1.5 mm. 

 
Figure 3: Monoblock concrete sleepers 

Disadvantages of the concrete sleepers are sagging 
of the sleepers during handling, manual tamping or 
tamping with heavy-duty tamping machines. Defects due 
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to corrosion or fatigue of the steel beam and related track 
gauge defects. 

2.5. Ballast bed 
The ballast bed’s task is to transmit the sleeper 

pressure to the subsoil, to ensure good air condition and 
water permeability in order to maintain the bearing 
capacity of the subsoil, and also to ensure the track 
elasticity in order to minimize dynamic forces and to 
provide high resistance towards longitudinal and lateral 
sleeper displacement. 

The construction of a ballast bed is using crushed 
ballast with grain size of 22 mm to 60 mm. The shape of 
ballast grains should be close to the cubic form with sharp 
edges according to BDS EN 13450:2003/AC:2005. 

 
Figure 4: Load distribution on sleepers [3] 

The optimum ballast thickness is the thickness 
where ballast exerts constant pressure on the formation. 

The reasons for the deterioration of the ballast are: 
operational load of the dynamic forces which may 
overstress the ballast and lead to shelling, grain shifting 
and abrasion. Maintenance work - wear by tamping or 
cleaning.  Material rising from the subsoil, if there are no 
formation protection layers or if they are defective.  
Ballast contamination by lost cargo, remainders of 
vegetation and other environmental influences. [3]  

If the bed of a heavily contaminated track is not 
cleaned, but if the track is only tamped in these areas, it 
will return to a poor geometric position within a short 
time. 

After ballast cleaning, it is necessary to move the 
track into its design position, restore the ballast bed cross 
section, consolidate the ballast properly and stabilise the 
track. The track position is restored and the track is 
stabilised in one operation with the help of a group of 
machines like as ballast regulating machine and a 
Dynamic Track Stabiliser (DTS). 

The state of the art to achieve spatial consolidation 
together with restoration of the resistance to lateral 
displacement, is the dynamic stabilisation of the track after 
tamping and sleeper end consolidation. [6] As 
unconsolidated material may be consolidated best by 
horizontal vibration, this fact was used for the Dynamic 
Track Stabiliser (DTS). 

3. IDENTITY FAULTS AND TRACK MAINTENANCE 
WORK PROCESSES 

Track gauge and superelevation are controlled by a 
measuring device for measuring the track gauge and 
superelevation. It is for track gauge 1435 mm -10 mm to 
+40 mm and superelevation -35 mm to +195 mm. The 
construction is equipped with measuring bolt for flat 
bottom rails (14 mm). 

 
Figure 5: Control of the track gauge and superelevation 

Track measuring laboratory "PLASSER & 
THEURER" EM-120, which is intended for measuring of 
geometrical parameters of the railway track in Bulgaria. 
The movement of the track measuring laboratory ЕМ-120 
is self-propelled with measuring speed of 120 km/h in both 
directions. The record of the measured values of the 
railway track parameters is made every 250 mm 
simultaneously and in synchronized manner on magnetic 
type and on PC’s hard-disk in an uniform format. With the 
help of the measuring-analyzing computer system the data 
is processed and printed out on paper in real time. 

 
Figure 6: Measuring laboratory EM - 120[7] 
The track measuring laboratory has an analyzing 

system that compares the values measured with the set-up 
in advance limiting values in accordance with the category 
and the class of the measured track section. This analytical 
report, indicating the values (the defects) that exceed the 
admissible limits for the relevant class and category of the 
railway track are indicated by a separate printing device in 
real time during the measuring of the track. 

The overall assessment of railway track is 
determined based on the measurements made by the 
laboratory. The above mentioned assessment defines the 
overall condition of the track. It is obtained as a sum of the 
penalty units for each kilometre and after that an average 
value for each section of the railway network. 

Unfortunately, the track measuring laboratory is not 
equipped with a video recording camera which is a major 
disadvantage. Possibilities should be further explored in 
order to implement laser railway scanning which will help 
to detect defects and to assess the condition of the railroad. 

Researches primarily use the laser setup described 
for high precision gage detection. Along with this setup, 
researchers have also developed a second setup consisting 
of high-speed line scan cameras. This setup helps obtain 
high-resolution images without any motion blur. [8] 
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Figure 7: Graphical illustration of the proposed setup for 

image acquisition [8] 

 The main goal for using images of the track is to 
eliminate, or reduce as much as possible, the visual 
inspection done by workers walking along the track to 
detect any fault, missing components, etc. The state of the 
art of these instruments does not yet allow a complete and 
safe elimination of the inspection done by humans, but 
helps a lot and, also, allows detecting a number of risky 
situation difficult to detect by the human eye.  

The restoration of the ballast geometry is 
performed by the “ballast profiling machine” which is a 
special train which can pull, move or replace the ballast by 
its mechanical blades, and give the ballast the adequate 
cross section profile. [9] 

The ballast becomes dirty as a result of the splitting 
and abrasion of the ballast particles under traffic loading, 
materials falling from wagons and weed growth. Dirty 
ballast results in reduced carrying capacity so that the 
ballast is unable to fulfil its function. A critical level of 
fouling is reached when 40% of the total consist of fine 
material – at this level surface water is prevented from 
draining away properly. [10] 

The ballast cleaning machines are able to reach 
around 25 cm bellow the sleepers and grab stones smaller 
than 25 mm in order to replace them. The different ballast 
machines can work together, in an only “tramping train”, 
which increases the performance of all of them. 

 
Figure 8: The ballast-cleaning machine from Matisa [11] 

The tamping operation restores the track to the 
desired geometrical position. Conventional tamping 
machines operate in cycles: to advance from one sleeper to 
the next the entire machine has to accelerate from 
standstill. A dynamic track stabilizer (DTS) is 
incorporated in the machine and gives a stable, safe and 
long-lasting track condition. This combination 
incorporates improvements in its levelling system, 
enabling it to compensate for greater sinking resulting 
from stabilization through a predefined amount of lift 
during tamping, thereby producing optimum longitudinal 
elevation.  

Table 2: Tamping machines in National railway 
infrastructure company (NRIC), Bulgaria 

Type of the 
heavy-duty 

tamping 
machine 

Factory 
number 

Register 
number 
in NRIC 

Company 

Tamping 
machine 08 327 2822 

9952 
9423008 – 

2 

„Plasser & 
Theurer” 
Austria 

Tamping 2267 9952 9423 „Plasser & 

machine 08 323 009 – 0 Theurer” 
Austria 

Tamping 
machine 07 325 1807 9952 9423 

007 - 4 

„Plasser & 
Theurer” 
Austria 

Tamping 
machine В45L - 

1 
4504 99529423

002-5 
„Matisa” - 

Switzerland 

Tamping 
machine В 45L 

– 2 
4505 

9952 
9423003 – 

3 

„Matisa” - 
Switzerland 

Dynamic track 
stabilizer 

DGS62N-2 
434 9952 9420 

002 - 8 

„Plasser & 
Theurer” 
Austria 

Ballast profile 
machine 

SSP203 - 2 
642 9952 9425 

004 - 9 

„Plasser & 
Theurer” 
Austria 

Heavy-duty tamping machines in section Vratza are 
shown in table 2. What is specific in their construction and 
equipment are the performed operations related to the 
repair and maintenance of the railway infrastructure. 

It is necessary to purchase new heavy-duty 
machines which should be more functional and productive. 
NRIC needs to explore new technologies and possibilities 
to combine several working operations in one machine. 
This is very important because among the advantages of 
the machines are the cost efficient utilization of track 
possession and the planning maintenance. 

4. MATHEMATICAL MODELS FOR FORECAST OF 
THE DETERIORATION 

The following models deal with the problem of 
defining the strategic maintenance concept for single 
elements of the infrastructure based on long-term 
deterioration or degradation models. 

4.1. ORE model 
This model is developed by Office for Research 

and Experiments (ORE) of International Union of 
Railways (UIC). The deterioration is divided into two 
parts describes the deterioration directly after tamping 0e , 
and the second part describes the deterioration depending 
on traffic volume T, dynamic axle load 2Q and the 
speed v. The condition of the railway track is determined 
by the following formula: 
 0 . (2. ) .е e hT Q v m aα β γ= + = ⋅  (1) 
, where h is a constant and the parameters α , β и γ  have 
to be estimated from experimental data. UIC suggests  
these values when the data doesn’t exist 1α =  , 3β = . 
Further, it is assumed that the influence of the speed can 
be neglected, implying that vγ  need not be treated 
separately, but may be included in the proportionality 
factor h. [12] 

4.2. The German study 
Experiments under well controlled laboratory 

conditions at the Technical University of Munich 
representative of vehicles passing a dipped joint have been 
used to establish equations to calculate rate of settlement.  
 1.21. .ln . .lnS a p N b p N= +  (2) 

The first term represents the fast settlement just 
after a maintenance action. N expresses a pre-loading 
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period comprising the first passing axles. N should 
be 10000≤ and N in the second part should express the 
total number of passing axles. The ballast pressure (p) 
should be calculated with the Zimmermann method. The 
parameters are constant suggested to be in the value range 
1.57-2.33 for (a) and 3.04-15.2 for (b). [12] 

4.3. Sato model 
Sato studied the track degradation from track super-

structural perspective. The degradation model developed 
by Sato is based on the growth of track superstructures 
conditions. The expression given for the deterioration is 
related to the passed tonnage, average velocity, structure 
factor, jointed or type CWR (Continuously Welded Rail) 
and quality of subgrade. 
 3 0.31 0.98 1.10 0.21 0.262.04.10 . . . . .S T V M L p−=  (3) 

Where S is the average growth in section 
(mm/100days) as the main criterion of the track super 
structure condition, T is the passed tonnage (million tons/ 
year), V is the average running speed (Km/h), M is the 
structure factor, L is the influence factor for jointed rail or 
CWR (1 for CWR and 10 for jointed) and P is the 
influence factor for subgrade (1 for good and 10 for bad). 
[13] 

4.4. Shenton model 
Shenton considered track settlement as the main 

controlling factor of track degradation from the sub 
structural aspect. The causal parameters which influence 
this settlement are sleeper type and size, ballast type, 
ballast and subgrade condition, the lift given by the 
tamping machine, equivalent axle load, and load cycles. 
The general equation which quantifies the track settlement 
is as follows: 

 0.2 6. .((0,64 0,028. ). 2,7.10 . )
20

e
S

A
S K L N N−= + +  (4) 

Where eA  is the equivalent axle load, N is the total 
number of passed axles, L is the lift given by the tamping 
machine and SK  is a factor which is a function of sleeper 
type and size, ballast type and of the subgrade. [13] 

4.5. Bing and Gross model 
Bing and Gross report on US model based on 460 

observations from a test track, are estimated. An overall 
track geometrical quality index (TQI) is used as the main 
track degradation criterion from the geometry aspect. The 
final model includes the current geometry conditions of 
the track, speed, age of rails, ballast index, and the time 
since the last maintenance activity. 
 

0.58 0.18 0.11 1.04
0.442 1

* * * *
1 1

1.25. . . . .(1 )E A

E A

TQI TQI V R BI FS
TQI TQI V R BI

− − −

−       = +       
      

 (5) 
In which 1TQI  is the initial track quality index for 

the time period, 2TQI  is the final track quality index for 
the time period , EV  is the equivalent train speed, AR  is 
the rail age, BI  is the ballast index, FS is the fraction of 
segment surfaced. *

EV  and *
AR  are arbitrary fixed 

reference values of each parameter. 
Ballast index BI  is given by following formula: 

 1/3( 1)BI AI BC DF= + +  (6) 
, where AI is the aggregate index, BC is the ballast 
condition on a scale of zero for excellent to 3 for poor 
conditions, DF  is the drainage factor (10 for good and 20 
for bad conditions). Ballast index values range from 40 for 
excellent to 120 for very poor. [13] 

4.6. Zhang model 
Zhang has developed the Integrated Track 

Degradation Model (ITDM) model, which is a mechanistic 
model of track degradation. The mechanistic nature of 
ITDM means the model is railway system independent. 
The model does not require detailed historical track 
condition data to operate. This makes ITDM an ideal 
candidate track degradation model to use with Track 
Maintenance Planning Model (TMPM) as it fits well with 
the stated objective that the model operates with a 
minimum of track condition and activity monitoring data. 
[14] 

5. DETERIORATION OF THE RAILWAY TRACK 

5.1. Influence of the speed 
We will use calculations from the Sato model to 

illustrate the influence of the speed. The value of the 
deterioration at speed 160km/h is 37% higher than at 
speed 100 km/h at 24 mgt per year. At 6 mgt per year the 
difference in values is again 37% at lower relative values. 
This shows significantly higher rate of deterioration at 
high speeds. 

 
Figure 9: Influence of the speed [15] 

5.2. Influence of the type of the track - jointed or welded 
track 

The influence will be determined using the Sato 
model where the L parameter in formula is 1 for jointed 
track and 10 for welded track. Operational load of 24 mgt 
per year, the deterioration in jointed track is 45% higher 
than in welded track. 

 
Figure 10: Influence of the type of the track – jointed or 

welded track [15] 
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5.3. Influence of the subgrade 
The Sato model determines the influence of the 

subgrade on a scale from 1 to 10. Figure 11 shows the total 
deterioration of the track at a different condition of 
subgrade. Values at a very poor subgrade are 38% higher 
than a very good subgrade. This shows a great influence 
on the condition of the subgrade in the railway 
infrastructure. 

 
Figure 11: Influence of the subgrade [15] 

5.4. Influence of the axle load 
Using the Shenton model, we determined the depth 

of the settlement. It is obtained at different axle load 
values and different vehicle passing cycles. The total 
deterioration of the railroad is 29% higher at an axle load 
of 22.5 t  compared to 16 t (at 10 000 cycles). 

 
Figure 12: Influence of the axle load [15] 

CONCLUSION 

The examined mathematical models allow to 
establish the relationship between the various track 
parameters and their impact on the deterioration of the 
track in result of exploitation. On the basis of the 
presented results there is an opportunity to make a 
combination of jointed and welded track with a 
permissible axle load. The application of modern 
maintenance technology enhances the value of modern 
railway operation and enables the track system to be kept 
in top condition. The possibility of integrated predictive 
deterioration models in the NRIC should be further 

explored as it will help optimizing the maintenance and 
reduction the total cost of repairs in the railway 
infrastructure. 
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During the last few years Serbian Railways introduced several new types of rail vehicles for passenger transport, 
but for the freight transportation, the main type of the locomotive remains diesel unit of class JŽ 661. The freight 
composition usually consists of a large number of loaded vehicles pulled up by a locomotive. The freight trains operate day 
and night on commercial tracks and, therefore, represent a significant source of noise in the urban areas. This paper 
describes the measurement procedure for the assessment of the noise levels of the freight trains on Serbian railways. The 
equivalent noise level and one-third octave spectrum of the diesel unit are measured in stationary condition and during 
freight composition running at constant speed. All measurements are conducted according to the ISO 3095:2013 standard. 

Keywords: noise, railway, measurement
1. INTRODUCTION 

Environmental noise is frequently described as 
undesirable sound caused by transport, industrial and 
recreational activities [1]. According to the World Health 
Organization noise can significantly affects human health 
and productivity, causing stress, sleep disturbance, 
cardiovascular problems, etc., as it has been shown in 
many medical studies [2-4]. Moreover, the environmental 
noise pollution has a great impact on real estate prices [5] 
(since it causes a 5 % drop in real estate prices). Therefore, 
during past decades, numerous studies focused on traffic 
noise issue are conducted by many researchers from all 
around the world [6-11].  

During the last fifteen years European Union has 
been implementing the strategy for combating noise 
according to the Environmental Noise Directive 
(2002/49/EC) [12], which was passed by the European 
Parliament in June of 2002. Under this directive, Member 
States are obliged to produce noise maps every five years 
for all agglomerations and for all major roads and major 
railways within their territories. Furthermore, the 
competent authorities, based on results of noise mapping, 
have to draw up action plans in order to manage noise 
issues and effects, including noise reduction if necessary. 
As Serbia is in accession process to the European Union, 
Serbian legislation related to noise protection is in 
accordance with Environmental Noise Directive. The 
latest data obtained from the strategic noise mapping for 
the EU agglomerations and major roads, indicate that more 
than 89 million people are exposed to daytime noise levels 
above the excess exposure threshold, fixed by the EU at 55 
dB(A) [13].  

The major sources of noise pollution in the living 
environment are transportation systems [14]. As 
significant part of the railway transport is performed 
within urban areas, this form of transport is an important 
source of urban noise. European authorities are trying to 
increase the transport of passengers and goods by rail 
transport systems due to economic aspects, but also in 
order to reduce GHG emissions. Increase of the volume of 
the rail transport will lead to increase of the railway noise 
pollution. 

In April 2011 the European Union Agency for 
Railways published guidelines for the noise measurement 
and assessment, as well as emission limits of railway 
vehicles noise, in the technical specification for 
interoperability – TSI [15]. In 2015 this requirement 
became mandatory for all vehicles running on commercial 
trucks in all EU member states.   

This paper presents results of measuring the 
equivalent A-weighted levels of noise generated by 
locomotive type 661 in stationary conditions, as well as 
pass-by noise level of freight composition running at 
constant speed. The measurements are conducted 
according to the TSI recommendations and ISO 3095:2013 
standard [16]. 

2. 2. RAIL VEHICLE AS THE NOISE SOURCE 
Rail vehicles are complex mechanical systems with 

multiple noise sources which emit sound waves due to 
[17]: 

• interaction between contact surfaces in wagon 
circuits, 

• interaction between the outer surface of 
locomotives and wagons with air during 
movement, 

• interaction between the track and the substrate, 
• interaction between wheel and break, 
• running of basic and additional equipment in 

locomotives and wagons. 
Based on type of interaction, the noise of rail 

vehicles may be classified in following categories [18]: 
• rolling noise, 
• curve squeal, 
• aerodynamic noise, 
• bridge noise, 
• ground noise and vibration, 
• internal noise and vibration, 
• traction noise. 

The wheel – rail contact represents dominant noise 
source of rail vehicles for speeds within the range of 40 
km/h to 140 km/h. Rolling noise, which is caused by the 
interaction between the wheel and the track, increases with 
train speed v at a rate of about 30log(v) [18].  
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Traction motors, engines and rails vehicle 
equipment are main sources of traction noise, which is 
dominant at lower speeds.  

The aerodynamic noise, caused by air motion 
around vehicle and pantograph system, is dominant at 
higher speeds (speeds over 140 km/h), as it is shown in 
Figure 1.  

Further, rail vehicles in the curves produce a squeal 
noise due to sliding of the wheel over the top of the rails. 
The various infrastructure objects, such as bridges and 
tunes, also have great influence on railway noise 
generation. 

 
Figure 1: Relative strength and speed dependence of 

sources of railway noise [19] 

Frequency ranges for different types of railway 
noise are shown in Table 1. 

Table 1: Frequency range for different types of railway 
noise 

Noise type Frequency range  [Hz] 
Rolling 250 - 5000 

Flat spots 50 – 250  
(function of speed) 

Ground borne vibrations 4 – 80 
Engine 50 - 250 
Top of rail squeal 1000 - 5000 
Flanging noise 5000 - 10000 

3. MEASUREMENTS 

Diesel-electric locomotives of series 661, shown in 
Figure 2, were produced in the American factory "GM 
EMD". This type of locomotive was introduced on Serbian 
railways in 1960, and, until today, the locomotives of 
series 661 are intended for hauling heavy freight and 
passenger trains on the rail lines of Serbia. Basic technical 
data of diesel-electric locomotive type 661 are given in 
Table 2. 

According to the TSI specification a series of 
measurements should be performed in order to determine 
stationary noise, as well as the noise emitted by the train 
unit running at a constant speed. 

For locomotives, multiple units, beside stationary 
and pass-by-noise, locomotive starting noise and interior 
noise in the driver cabin should be measured, too [15]. 

 
Figure 2: Diesel-electric locomotive type 661-162 

Table 2: Basic technical data of locomotive type 661 
Manufacturer  General Motors CO 
Max pull-up power 1342 kW (1800 KS) 
Diesel motor power  1454 kW (1950 KS) 
Maximal speed 124 km/h 
No of cylinders 16 
Motor type  "V”, 45º between cylinders 
Diameter of the cylinder  216 mm 
Piston stroke  254 mm 
Compression  16:1 
Maximum RPM  835 o/min 
Weight of the loco  110 t 
Numbers of the wheelset  6 
Unit length  19 m 

This paper presents measurements of the 
stationary noise of the locomotive type 661-162 and pass-
by-noise of the freight train. Measurement positions were 
located at distance 7.5 m from the track centerline, at a 
height of 1.2 m above the rail upper surface. The area 
within radius three times larger than the distance between 
the measurement point and the track centerline was free of 
large reflecting objects. Further, the area between the track 
and the microphone position was free of natural and 
artificial obstacles to sound propagation, sound absorbing 
matters and reflective coverings. All measurements were 
performed according to the TSI recommendations and 
ISO 3095:2013 standard. 

3.1. Stationary test 
The noise emitted by a stationary locomotive was 

measured using Bruel&Kjaer hand-held analyser type 
2270. The car was divided into areas with identical 
horizontal length of 4.5 m, and four measurement 
positions were located at middle of the corresponding 
areas. An additional measurement position was located at 
30° from the track centreline, on a circle having a radius of 
7.5 m and centre in the midpoint of the unit end, as it is 
shown in the Figure 3. The measurements were performed 
only on one side of the unit, since both sides of the unit are 
acoustically identical. Ground surface was in level with 
the top of the rail surface. 
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Figure 3: Measurement points for stationary test 

3.2. Constant speed test 
Bruel&Kjaer PULSE analyser was used for 

measuring the noise produced by freight train which ran at 
a steady speed. Free-field microphones and a suitable 
microphone windscreen were used. The vehicle moved at 
a speed of 45 km/h along the track whose curvature has 
the radius larger than 1000 m. 

The location of the measurement point relative to 
the rail track is shown in Figure 4. Ground surface level 
was in the range of -1.5 m to 0 m relative to the top of the 
rail. The acoustic rail roughness has not been taken into 
account. 

The total length of the freight train was 461 m and 
it has been composed of different types of the freight 
wagons. At the measurement location, the terrain between 
the railway track and the microphone was covered with 
grass, while, as shown in Figure 5, the other side of the 
track was covered with trees. During the measurement 
time interval, the traffic on a nearby road has been 
stopped. 

MP

1.
2 

m

7.5 m

 
Figure 4: Measurement point for constant speed test 

 
Figure 5: Measurement site for constant speed test 

4. RESULTS 

Equivalent A-weighted noise level and one-third 
octave spectrum of the stationary locomotive of series 661 
were measured during 20 s time interval. The obtained 
noise levels at each measurement positions are given in 
Table 3.  

According to ISO 3095 standard, noise emission 
level of the unit should be calculated by energy averaging 
Li

pAeq,T measured noise levels at all positions i according to 
following equation: 

   








= ∑

=

n

i

L
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i
unitTpAeq

i
TpAeq

l
lL

1

10/
,

,10log10  ,  (1) 

where n is the number of measurement positions, li length 
associated with measurement position i, while ltot 
represents the sum of all n lengths. Calculated noise 
emission level of the stationary locomotive type 661 – 162 
has a value of 73.58 dBA, and, therefore, satisfies the 
acoustic requirements of the Technical Specifications for 
Interoperability. TSI defines noise level of 75 dBA as the 
limiting value for the stationary noise of this type of 
locomotive.  

Figure 6 shows one-third octave noise spectrum at 
measurement position with the highest measured 
equivalent A-weighted noise level. 

 
Figure 6: One-third octave noise spectrum of stationary 

unit 
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Table 3: Stationary unit noise levels 

 MP1 MP2 MP3 MP4 MP5 

LAeq 71.12 73.69 75.13 74.32 72.03 

31.5 Hz 39.96 41.22 34.86 40.67 38.68 

40 Hz 46.48 47.92 39.16 51.14 48.87 

50 Hz 38.3 42.9 46.9 46.03 43.46 

63 Hz 46.98 49.42 52.2 51.12 45.52 

80 Hz 52.38 57.06 61.66 57.58 49.48 

100 Hz 51.74 52.93 52.11 52.17 50.77 

125 Hz 48.77 49.32 49.3 50.69 47.34 

160 Hz 45.51 50.79 52.64 49.67 50.67 

200 Hz 49.38 55.98 54.35 54.56 52.3 

250 Hz 52.27 54.75 60.2 56.48 56.06 

315 Hz 54.19 58.33 60.74 58.76 58.13 

400 Hz 59.34 64.01 66.87 64.83 62.59 

500 Hz 66.09 68.06 69.72 70.2 68.34 

630 Hz 62.95 64.54 65.06 64.99 62.28 

800 Hz 59.39 62.92 65.08 61.44 59.21 

1 kHz 61.42 62.44 62.88 63.02 59.77 

1.25 kHz 58.28 60.74 61.35 60.42 58.18 

1.6 kHz 58.17 60.9 61.77 60.78 57.2 

2 kHz 59.44 63.23 62.75 61.25 57.66 

2.5 kHz 51.69 56.79 56.16 55.07 52.26 

3.15 kHz 50.54 52.85 54.11 53.03 50.7 

4 kHz 47.83 50.22 51.88 50.72 47.67 

5 kHz 47.37 47.73 48.76 48.27 45.85 

6.3 kHz 48.5 46.53 47.22 46 42.26 

8 kHz 46.5 42.57 43.67 42.36 38.21 

For the constant speed test, equivalent A-weighted 
noise level and one-third octave noise spectrum were 
measured during freight composition pass-by. 
Experimentally obtained equivalent A-weighted noise 
level LAeq and statistical noise levels L10, L50 and L90 
are given in table 4, while the sound pressure levels in 
one-third octave bands are shown in Table 5. By definition 
the statistical noise level Ln represents the noise level 
which is exceeded during n % of the time. 

Table 4: Freight composition pass-by noise levels 
LAeq [dBA] 86.86 
L10 [dBA] 89.75 
L50 [dBA] 85.2 
L90 [dBA] 82.17 

 

 

Table 5: Freight composition one-third octave noise 
spectrum 

 Rail noise [dBA] 

31.5 Hz 44.939 

40 Hz 48.386 

50 Hz 52.94 

63 Hz 52.602 

80 Hz 64.677 

100 Hz 68.012 

125 Hz 61.912 

160 Hz 65.962 

200 Hz 68.832 

250 Hz 69.988 

315 Hz 71.496 

400 Hz 73.434 

500 Hz 76.693 

630 Hz 76.93 

800 Hz 78.34 

1 kHz 76.9 

1.25 kHz 75.112 

1.6 kHz 77.046 

2 kHz 75.373 

2.5 kHz 74.346 

3.15 kHz 73.701 

4 kHz 73.157 

5 kHz 71.571 

6.3 kHz 67.911 

8 kHz 65.217 

Changes in equivalent A-weighted sound pressure 
level during freight train pass-by are shown in Figure 7, 
while the Figure 8 shows corresponding one-third 
octave noise spectrum. Since the traction noise is 
dominant at lower speeds, the highest noise level of 
approximately 96 dBA was measured during locomotive 
pass-by, as shown in Figure 7. 

5. CONCLUSION 
The measurements of the noise generated by 

locomotive type 661 – 162 in stationary conditions, as well 
as pass-by noise of freight composition running at constant 
speed, have been presented in this paper. The obtained 
A-weighted levels of the equivalent noise are very close to 
the limit values requested by TSI specifications. 
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Figure 7: Freight composition pass-by noise 

 
Figure 8: One-third octave spectrum of freight 

composition pass-by noise 
The average stationary noise of this type of 

locomotive satisfies the acoustic requirement of TSI 
specification, while the equivalent noise level of the 
freight train running at constant speed of 45 km/h exceeds 
the limit value of 85 dBA, which is defined for pass-by 
noise of  the freight composition at speed of 80 km/h. 

Considering that rail acoustical roughness has not 
been taken into account, the emitted noise level of this 
type of vehicle may deviate significantly from presented 
results at different railway sections. 
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The modelling of technological flows and equipment in the binder industry, especially the cement industry, requires 
consideration of all factors involved in the manufacturing circuit. Regardless of the approach, considering the connections 
between the components of the installation, the type of modelling applied must encompass the whole system. Used 
primarily for efficiency and reduce energy costs, analysis of the movement, and processing the mixture of materials in the 
cement manufacturing process can be used to estimate the emission amount of a gas discharge chimneys. Thus, the 
mathematical modelling method with the help of the circulation matrices built in the present paper offers the possibility to 
know the quantities of materials or gases passing through the analysed installation / equipment. 

Keywords: modelling, systems theory, matrices of movement, emissions 

1. INTRODUCTION
The manufacture of binders for the building 

materials industry, especially cement, requires complex 
thermo-technological processes through which the raw 
material reaches the finished product. Following these 
processes occur transformations physicochemical the raw 
materials and the study on how to place these changes is 
quite complex and take into account the influences and 
interdependencies that occur in the raw material at all 
stages of manufacturing. The current technological 
processes used for the production of cement are processes 
that are carried out in a continuous, high-energy and 
electric energy-consuming process necessary to obtain the 
temperatures at which the chemical reactions occur, 
especially for clinkering the raw mixture. According to the 
literature and research in the field, optimization of the 
environmental management of the emissions generated by 
cement production requires, first and foremost, the 
optimization of the technological process. Therefore, any 
method used to optimize the technological process - the 
selection of raw materials, the modernization and control 
of equipment operation, the use of unconventional fuels - 
can be considered as a method of optimizing 
environmental management to reduce emissions. 

2. ENVIRONMENTAL POLLUTION MODES IN
CEMENT MANUFACTURING

The emissions from the manufacture of cement
contribute to the pollution of the environment directly and 
indirectly. Most harmful elements are released into the 
atmosphere and come from the processes of raw material 
combustion. All biosphere systems are subject to both 
direct pollution by the release of harmful substances 
directly to the exhaust gas coils, as well as indirect 
pollution by the circulation of matter in nature. At present, 
in Romania as well as in other countries, environmental 
issues are acutely raised, especially as a result of intense 
local pollution, as well as the existence of cross-border 
pollution, which has led in some areas to ecosystem 

deregulation and deterioration Environmental quality. The 
current challenge, targeting all industrial areas, is to 
achieve environmental goals and ensure sustainable 
economic growth in a sustainable manner. 

2.1. Direct pollution and indirect pollution of the 
environment 

Generally, when we talk about environmental 
pollution, we mainly refer to atmospheric pollution, which 
is the most "polluted" component of the biosphere. But the 
pollution of a biosphere element leads directly to the 
degradation of the other components, which are in 
constant communication and interconnection. The mode of 
environmental damage by the cement manufacturing 
process is synthesized in Figure 1.  

Figure 1. - Types of pollution specific to cement factories 

Sources of emissions from a cement plant are given by the 
technological equipment used in the production stream and 
the necessary materials: raw materials, additives and fuels. 
Direct pollution of the atmosphere is achieved by releasing 
emission at the exhaust chimney and illustrates the most 
significant and visible pollution. Direct water and soil 
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pollution in cement production is reduced compared to 
atmospheric pollution. Direct soil pollution is achieved 
through the inappropriate exploitation of raw materials 
(soil degradation) and the discharging of the soil of fuels 
and lubricants into the quarries and transport operations, 
and direct pollution of water is achieved by the use of 
water in the technological process. The mechanism 
through which the direct and indirect pollution, occurs is 
as follows: at the gas exhaust chimney within the plant, 
emissions whose content varies depending on the 
technological equipment of the exhaust chimney are 

eliminated in the atmosphere: dust, NOX, SOX, CO, 
CO2,TOC, dioxins and furans, HCl, HF, heavy metals. On 
entering the atmosphere the dispersion of the emissions 
cloud occurs part of which reaches the ground (dust) with 
the indirect pollution of the soil and on the water meshes, 
resulting in the indirect pollution of the water, figure 2. 
The term immission according to [1], defines the transfer 
of pollutants in the air to a receiver, and the amount of 
immission flowing into the hydrosphere and lithosphere 
natural material moving in the biosphere.  

 
Figure 2. - Mechanism of direct and indirect pollution 

 

2.2. The concept of the dispersion of emissions 
The dispersion of atmospheric emissions 

characterizes the evolution in time and space, of an 
ensemble of particles (aerosols, gases, dust) into the 
atmosphere. In case of release of pollutant gases at the 
level of the evacuation chimneys, the concentration of 
pollutants at the soil level must be determined and the 
maximum value is established by the legislative acts of the 
EU Environmental Policy and represents the immission of 
the pollutants. The dispersion of a cloud of pollutants 
depends on several factors, of which: 
- physical characteristics of the source (gas velocity and 

temperature, chimney height and diameter, emission 
duration); 

- the chemical characteristics of the emission 
(concentration of the pollutant cloud and its chemical 
composition); 

- natural factors - meteorological parameters: wind 
speed and duration, air humidity, atmospheric 
precipitation, air pressure; Relief factors: valleys 
corridors, depression areas, orographic barriers; the 

presence of woodland areas capable of retaining 
particles and neutralizing some gases. 
The dispersion mode evaluation is based on models, 

and in the case of fixed-point emissions, the exhaust 
chimney, the Gaussian model is used to determine the 
statistical properties (averages, overflow frequencies, etc.) 
of the field of concentrations. The concentration of 
pollutant, after [2], can be calculated with the relation (1) 
valid for certain calculation assumptions: 

       dttdtQ
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where: C (x, y, z, t-t’)/q - dispersion factor; 

),,(~ zyxC  - concentration of pollutant. 
Emissions at the chimney in cement 

manufacturing are identified with continuous emission 
sources whose full equation of the Gaussian dispersion 
model, considering the emission rate Q (t') = Q 
independent over time is given by relation (2) [2]: 
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For low wind speeds (<1m / s) or zero (atmospheric calm) 
the Gaussian model is not recommended to be applied due 
to the fact that diffusion along the wind direction becomes 
important. 
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3. GLOBAL MODELING OF A CEMENT PLANT 
Using new computing facilities provided by 

computer software and increases their computing power 
constructive and functional changes have been made to the 
installations in the cement factories that have led to their 
performance improvement. In this moment, these increases 
are limited by the cost of the necessary investments, so 
that by overcoming a cost threshold, the investments made 
will considerably influence the final price of the cement. 
In view of the need to respect the pollutant emission 
values, especially in the EU, it is necessary optimal design, 
operation and control of processes to increase efficiency, 
in full compliance with the technological requirements for 
the final product, is required. To solve the multiple 
problems posed by the design and exploitation of cement 
plants, the use of mathematical models has become a 
common practice, being regarded as a tool that allows 
partial or total replacement of experimental investigations. 
The analysed installations are thermo technological 
installations, so that for the mathematical modelling it is 
necessary to perform the thermal balances sheet and 
materials balance. It is therefore necessary to identify the 
types of material flows entering /going into / from 
different components of the installation, fluxes that can be 
identified through the traffic matrix of the material. 

According to the principle of conservation of mass, 
the sum of all materials entered into a system within a 
given time interval and those existing at the initial time 
must be equal to the sum of the materials ejected in the 
same time interval and those remaining in the system. 

Material balance concepts are used for closed and 
isolated systems, in which case inputs are equal to outputs, 
for systems where there are accumulations, or for systems 
where there are time-dependent processes. The 
relationship for conservation of mass and expressed by the 
balance equation of the respective size has the following 
general form (4): 

t
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Where: 
Qs - accumulation of material in the system; 
Qi - inputs of material into the system; 
Qe - material exits from the system; 
Qp - materials produced in the system; 
Cs - consumption of materials in the system; 
Δt – unit of time. 

The material balance relationship for a plant / 
system which comprises both solid state materials entering 
/ leaving the system as well as those in the gaseous state 
defined in matrix form is [3]: 
A · M + D · (G+S) +F + B + V = 0  (5) 
Where: 
A - the traffic matrix of material circulation in the 
considered installation / system; 
M - flows of material leaving the installation / system and 
containing elements; 
D - the traffic matrix of gas circulation in the considered 
installation / system; 
G - mass flow rate of exhaust gas from the considered 
installation / system; 

S - flow rate of dust that is entrained the exhaust gas from 
the considered installation / system; 
F - the flow of material entering the considered installation 
/ system; 
B - the fuel flow introduced into the installation / system 
considered without considering ash; 
V - the flow of air introduced into the considered 
installation / system. 

The major difficulty in designing, management 
and optimization of facility stems from the fact that in 
most cases input and / or environmental parameter values 
record strong disturbances within a short time in relation 
to the values taken into account. 

4. ANALYSIS OF MATERIAL FLOWS IN CEMENT 
MANUFACTURING PLANTS 

Knowledge of displacement mode, transforming 
and mixing materials in the manufacture of cement is 
studying with the purpose to increase efficiency of 
operation which involves reducing energy costs, as well as 
to determine the possibility to reduce stack emissions. The 
process of manufacturing cement involves, in addition to 
heat transfer thermo-technological processes, mixing, 
melting, cooling, shredding, material transfer processes 
that take place inside the technological installations. 
Following these processes occur physicochemical changes 
in the raw material, resulting in a finished product, cement, 
or a blank with pre-established characteristics clinker.  

4.1. The systemic approach to a cement 
manufacturing plant 

The mathematical modelling of cement plants, 
complex installations characterized by a large number of 
process parameters in interdependence, cannot be achieved 
by using all methods of industrial process modelling, 
economics, etc. In order to achieve a more rigorous 
mathematical approach to a cement plant, system 
concepts, systemic approach, or system theory apply. The 
first step in the study of a system or process is the 
realization of a model, which may be physical to other 
dimensions or a mathematical formalization of the system 
behaviour to be studied. Analysis of systems assumes 
defining and knowing as accurately as possible the 
behaviour of a system with a given structure, so that 
subsystems can be defined quantitatively by expressions of 
type (6). 

            
( ) njDXY kijj .....2,1;, =⋅Ψ=

 (6) 
Where: 
- Yj is the vector of the variables at the exit of the 
subsystem; it depends on the input variables Xi and the 
vector of the control quantities Dj; 
- Xi is the vector of the input variables; 
- Dk is vector of control quantities, that is, sizes that 
condition the transformations Xi – Yj. 
Applying the method of analysis of general systems 
theory, it is considered the entire installation of a cement 
factories, which is made up of three subsystems main 
whose definition can specify the area of the border by 
which detaches from the environment and / or system and 
how are interactions between them.  
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Figure 3 - Cement manufacturing system: hot gas flow in admixture with particulate material collected from the 

cyclone tower; material flow 
 

For a cement manufacturing plant on a dry 
process, the systematization of the equipment and its 
decomposition in three subsystems is shown in Figure 3, in 
which the three subsystems were delimited as follows: 
- the subsystem 1 comprises the process of making the 
crude mixture which includes its storage and mixing 
equipment; 
- the subsystem 2 includes the combustion process of the 
homogenised mixture and the clinker cooling; From the 
clinker storage system there is the possibility that a part of 

it is shipped from the plant as a raw material for separate 
cement milling installations; 
- the subsystem 3 represents the cement grinding plant 
with the additives specified in the manufacturing recipe. 

4.2. Modelling the plant by graph theory 
Having defined the subsystems of the installation in 

Figure 3, modelling of the whole plant is performed using 
the matrix approach based on the graphs corresponding to 
the three subsystems shown in Figure 4, which underlie 
the defining of the traffic matrices. 
 

 
 

Figure 4. - The scheme of the cement manufacturing plant - Material flow;          Material flow; 
material fraction entered the gas flow 
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4.3. Matrix modelling of subsystem 1. Define traffic 
matrix material 

The processes that take place in this subsystem are 
given by preparing the raw mixture, storing, pre-
homogenizing, grinding and drying the raw materials with 
the formation of a powder called cement flour. For the 
installation adopted in this analysis and shown in Figure 4, 
the drying of the raw materials takes place in the fine 
grinding plant. The process uses the hot air from the 
clinker cooling system, passed through the calciner and the 
cyclone tower. In this way, an important energy saving is 
achieved, which also leads to the reduction of the harmful 
emissions corresponding to this process. In the case of 
relatively high humidity raw materials, an auxiliary 

combustion chamber is required to initiate the process to 
provide the additional heat required for the raw material 
drying process, thereby achieving a saving in heat 
consumption.  

The technological equipments in the installation are 
represented by the nodes of the graph and the way of 
moving the material by arrows, oriented in the direction of 
their circulation. This method offers the possibility to use 
the advantages of matrix computation by analysing each 
graph with a matrix, determining the quantities of 
materials and gases passing through the system / 
subsystem / equipment analysed. Figure 5 shows the 
matrix modelling of the subsystem 1 by means of graphs 
in which the material movement can easily be identified. 

 
Figure 5. – Modelling subsystem 1 using graph theory - Manufacture of raw meal 

 

Parameters that occur in the graph defining subsystem 1 
are: 
- m1 - limestone, raw material for the manufacture of 
cement having a granulation resulting from the coarse 
crushing normally taking place in the quarry; 
- m2 - clay, raw material for the manufacture of cement 
having a grain resulting from the rough coarse mining 
normally taking place in the quarry; 
- m3 - admixtures for the gross mixture: ash of pyrite, iron 
ore or slag from the non-ferrous metallurgical industry, 
high in iron oxides or even metallic iron to correct Fe2O3 
content in cement; Are introduced into the manufacturing 
stream in the grinding step of the crude mixture; 
- η MII - fraction of the material conveyed by the hot 
gases from the cooler and from the clinker process, 
consisting of tertiary air, secondary air and primary air; 
The tertiary and the secondary air are recovered from the 
clinker cooling plant from which it exits with a 
temperature of approximately 900-1000oC; the primary air 
is the one introduced to achieve the combustion conditions 
of the fuels; the hot gas flow contains particles collected 
from the furnace system, from fuels, from the calcining 
system and from the cyclone tower; 
 

The representation of the traffic matrix corresponding 
to the graph in figure 5 is given in Table 1. When 
constructing this matrix, it was taken into account that of 
matrix element aij shows the gravimetric fraction of 
material in the equipment i passing through j. Within this 
traffic matrix, the elements aij coming out of equipment 
get a negative value, which means that the exit is 
considered a negative input. In this way, the sum of the 
elements on the column indicates the fraction of the 
material leaving the stage i leaving the subsystem. The 
assumptions underlying the matrix development: 
a) It is considered that the fractions of material leaving the 
system from the crushing phase by means of dust 
emissions are identical for the two types of raw materials, 
namely limestone and clay: it is noted with cu (1-δ) mi; 
b) The amount of material remaining inside the equipment 
/ plant and on the interphase transport routes is neglected. 

The specification of the notations in the material 
matrix in subsystem 1 is as follows: 
- (1-δ) m1 - Fraction of limestone leaving the subsystem 
entrained by the air circulation in the fine crushing 
operation; 
- (1-δ) m2 - Fraction of clay leaving the subsystem 
entrained by the air circulation in the fine crushing 
operation; 
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- δm1 - Limestone remaining from the total amount 
considered after fraction removal (1-δ) m1; 
- δm2 - Clay remaining from the total amount considered 
after fraction removal (1-δ) m2; 
- m6 - The total quantity considered as consisting of the 
elements entering the apparatus B6; 

- (1-ε) m6 - Fraction of the m6 material leaving the 
subsystem driven by the gas stream through the exhaust 
chimney; Also contains water vapour which evaporate 
from the solid material entering the mill; 
- ε m6 - Material remaining in apparatus B6 and consisting 
of raw meal which is stored in silos in the dry state.

Table 1: The material matrix corresponding to the graph for subsystem 1 

 

The construction of traffic matrices for gas streams 
passing through a plant / equipment is the basis of 
modelling for knowing, yet from the stage of study, the 
amount of gas to be Which will be  evacuated at the 
chimney.  Conventional representation of the circulation 
matrix for subsystem 1 is given in Table 2. 

Table 2: Circulation matrix for subsystem 1 

     

5. CONCLUSION 
The precise calculation of the processes taking 

place within each subsystem, equipment or plant, as well 
as the determination of optimal operating parameters, is an 
intensely researched objective. The proposed goal is more 
difficult to achieve due to the peculiarities of the 
clinkering process, in which all the researches and studies 
carried out at the present time have phenomena that can 
not be controlled. 

The modeling of the cement manufacturing plant 
was carried out using system theory, by following the 
following steps: 
- The cement manufacturing plant was divided into three 
main subsystems that were individually modeled; 
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- The method of modeling subsystems has been applied 
through graphs and matrices for the movement of 
materials and gases within the subsystem; 
- Simplified assumptions have been used for internal 
processes that cannot be controlled. 

Circulation matrices have been developed in a 
new,  approach that actually uses the quantities that transit 
through the equipment, subsystem, or technology system 
in a time unit. This analysis can be used to establish as 
close as possible to the real level of material flows in 
installations. Using the same method, the raw material 
grinding plant was modeled, and the gas traffic matrix in 
the plant was realized. 

The continuation of the studies also involves the 
application of other mathematical methods to identify the 
influences of some parameters or factors on the amount of 
pollutant emissions at the exhaust chimneys. 
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Ensuring Phonic Comfort in the Urban Environment 
Vasile Bacria1, Nicolae Herisanu1,* 
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Within the urban environment, a continuous interest is addressed to the phonic pollution generated by heavy and 
light transportation means, industrial activities, construction sites, comercial areas, open door restaurants, stadiums, 
playing spaces for children. This phonic pollution is detrimental for inhabitants, affecting their health. In this paper we 
dealt with an investigation of phonic pollution in the urban environment with application to the city of Timisoara. In this 
respect, we have identified the main sources of noise from the urban environment, the degree of discomfort generated by 
these sources, its time evolution, and we have establishes some possible actions directed to realize the phonic comfort. The 
efficiency of such measures is also assessed. 

Keywords: Urban environment, phonic comfort
1. INTRODUCTION 

It is reality that recent and increased development 
of society leads to a potential phonic pollution. This makes 
human being, especially in urban environment, to live 
nowadays in a continuous sonorous ambience, being 
permanently surrounded by noise and vibration which 
could affect his comfort and health. 

Due to its noxious character and its presence in real 
life, the phonic pollution represents a major problem for 
local authorities in European countries. This preoccupation 
to fight against phonic pollution should be continuously 
increased since the areas affected by noise are found in a 
continuous extension. On this line is directed our paper 
concerned with investigation of noise pollution and 
realization of acoustic comfort in the urban environment, 
with application to the area of Timisoara city. 

In this respect, we have identified the main noise 
sources from the urban environment, we have evaluated 
the degree of discomfort produced and its evolution in 
time and we have established some measures intended to 
realize the phonic comfort, after that we have evaluate 
their efficiency. 

2. SOURCES OF NOISE IN THE URBAN 
ENVIRONMENT 

2.1. Modern urban environment is characterized by an 
intense activity and people inside the cities are interested 
to a faster displacement in this environment. As a 
consequence, urban roads are crossed by more and more 
cars, trams, buses, trolleybuses, trucks, tractors, 
motorcycles, etc. Moreover, some cities benefit by metro 
or are traversed by railways on which are present trains, 
and also some cities have in their vicinity airports with an 
intense air traffic producing significant noise. 

All these noisy activities are developing in parallel 
with industrial activities, construction sites activities, 
functioning of market places, restaurants, stadiums, and 
other marks of civilization which become important noise 
sources in the urban environment. 

Noise generated by urban road traffic is 
characterized by their frequency spectra, acoustic pressure 
levels and a specific variation of these parameters in time. 
In general, the noise sources from the urban traffic are 

characterized by low frequencies and partly middle 
frequencies. 

Noise and vibration produced by transportation 
means are generated by the functioning of the engine, 
transmission system, braking system, air resistance and 
rolling on the way. Moreover, an increased noise is 
produced by malfunctioning of various systems of the 
vehicles, such as the gas exhausting system and the 
braking system. 

The overall noise produced by the urban traffic 
depends on the intensity and composition, on the speed of 
displacement, as well as on the distance from the source. 

The noise produced by rolling on the way depends 
on the type of the vehicle, speed of displacement and the 
nature of the superstructure of the road. 

Railway transportation means generate noise and 
vibration due to the variation of their speed of 
displacement, distance between non-welded rails, 
unevenness, curves, the elasticity of the rails, eccentricity 
and deviation of the shape of the wheels, braking and 
acceleration. 

In general, for a displacement of a train on rails 
mounted on reinforced concrete sleepers, the noise level at 
the axle reaches 125-130 dB(A), which is very close to the 
threshold of pain. 

The main sources of noise and vibration for 
airplanes are represented by the engine, the propeller, or in 
the case of modern ones, the turboprops. 

Taking into account the noise produced by 
airplanes, this represent an important issue for the 
personnel of the airport as well as for the residential areas 
in neighbourhood. 

As regards ships, the noise and vibration are 
produced by the main and auxiliary engines, the 
propulsion propeller, cooling or oil and fuel pumps [1]. 

Industrial noise specific to urban environment is 
due to the equipment and machines employed in 
production operations, as well as in auxiliary installations, 
such as warming, ventilation, compressed air or steam 
installations. From the point of view of the spectral 
composition, it is to remark that the industrial noise covers 
the whole spectrum of frequencies. 

On the construction sites, the noise is generated by 
pneumatic hammers, mobile compressors, roller 
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compactors, levellers, excavators. The characteristic level 
of these ranges between 85-110 dB(A) and the frequency 
spectrum between 30-300 Hz. 

Supplementary, one cannot neglect in the urban 
environment the noise produced by restaurants, stadiums, 
outdoor concerts and so on. These activities generate noise 
which ranges between 70-75 dB(A) and produce phonic 
discomfort for inhabitants living in the neighbourhood. 

3. NOXIOUS EFFECTS OF PHONIC DISCOMFORT 
Noise generated by the sources from the urban 

environment creates a phonic discomfort which is 
extremely detrimental for the life and health of people. 

It was shown [4] that in the presence of an 
equivalent noise level of 75 dB(A), 80% of the population 
is disturbed. 

Acting on the human body, the noise affects the 
auditory system, and also internal organs, reducing the 
work productivity and the intelligibility of speech. 

The action of the noise on the auditory organ is 
more dangerous and intense when this is discontinuous 
and it appears suddenly, has a large spectrum of 
frequencies and is accompanied by mechanical vibration. 

Various organs and systems of the human body are 
affected by noise which exceeds 40 dB(A). The phonic 
discomfort produces variations of the arterial pressure, the 
blood pulse accelerates, intracranial vascular tension 
increases even three times, the acuity of vision decreases, 
the breathing rhythm changes, the fatigue process is 
accentuated, attention and mental reactions weaken, 
asthenia or even nerve diseases could appear. 

It was proved that phonic discomfort could 
influence the contractions of the stomach walls increasing 
them and making them irregular, while the blood pressure 
within the stomach walls is increased. 

The phonic discomfort affects the nervous system 
of people, producing psychophysiological modifications, 
blood circulation modifications, sleep disturbances, and 
possibly the visual function and the activity of the 
endocrine glands are adversely influenced, producing 
biochemical disturbances. 

In the same time, phonic discomfort produces a 
general fatigue of the body, affecting physical work which 
requests concentration and especially intellectual work. 

Any activity developed in the presence of phonic 
discomfort leads to increasing the risk of accidents mainly 
because it reduces the possibility to acoustic signalizing, to 
orient upon some characteristic noises and reduces the 
intelligibility of the speech at the working place [2]. 

4. REGULATIONS ON SOUND COMFORT 

Having in view detrimental effects of the phonic 
discomfort, in order to ensure some normal conditions of 
life and activity, there were established admissible limits 
for noise levels, which should not be exceeded. 

Starting from the reality that for different working 
places are imposed different norms, there were established 
separate norms for industrial noise, residential noise, and 
urban noise or for the noise produced by transportation 
means. 

At the basis of Romanian standards issued for noise 
limitation stand the curves I.S.O., which are curves of 
equal level, known also as noise curves (Cz), which define 

the relation between the characteristic frequency of a 
sound and corresponding level of acoustic pressure in the 
conditions of an equivalent subjective sensation. Other 
elements used for noise limitation are the continuous 
equivalent noise level (Lech) and the peak level (L10).  

In this respect, in Romania, according to STAS 
10009-88, "Urban Acoustics", there were established 
admissible limits for the noise in urban environment, 
differentiated by zones and technical categories of streets, 
based on specific technical regulations in force regarding 
environmental protection. In the same time, the location of 
residential buildings on streets of different categories or at 
the limit of some zones, as well as the organization of the 
road traffic will be made so that to ensure the value of 50 
dB(A) of the exterior noise level measured at 2 meters 
from the building's wall, and the noise curve Cz=45 [6]. 
Moreover, STAS 6156-86 establish the admissible limits 
for the interior noise level in residential and socio-cultural 
buildings. 

Romania's accession to the European Union 
determined the adoption of European regulations related to 
environmental protection. In this respect, the European 
Parliament and the Council adopted the Directive 
2002/49/EC in 25.06.2002, which was adopted in 
Romanian law by H.G. 321/14.04.2005, whose main aim 
is to create a common base for evaluation and 
management of the noise. 

The main point here is the request to create 
strategic acoustic maps for roads, railways, airports, and 
industrial areas, by using as noise indicators Lden, Ln, after 
that informing and consulting the people about the 
exposure to noise, its effects and measures which could be 
taken to fight against noise pollution. Moreover, action 
plans are foreseen to be established, but the Directive does 
not establish the measures which should be taken, which 
will be a task to be undertaken by the local authorities [9]. 

5. EVALUATION OF PHONIC DISCOMFORT 
Knowing the extremely dangerous effects of the 

phonic discomfort generated by noise sources from urban 
environment, we proceeded to investigation and evaluation 
of the noise. The study was conducted on the city of 
Timisoara, which is known for the fact that on its roads 
circulate a large number of transportation means (the 
second place in Romania after the capital - Bucharest - in 
what concerns the number of vehicles), it has a large 
number of industrial units and construction sites, it is 
crossed from East to West by a railway and has an airport 
in the North-West part of the city. Moreover, within the 
town are present many markets, restaurants and open 
doors cinemas, stadiums, etc. In this respect, there were 
performed systematic investigations of the phonic 
pollution since 1996, based on some scientific research 
contracts financed by the local authority and developed by 
the University Politehnica Timisoara, Department of 
Mechanics and Vibration. 

The main results consisted in the identification of 
the main sources of noise and vibration from the urban 
traffic of the city, their effects on the life and activity of 
people, characteristic values, which are obtained by 
measurements. Some methods intended to reduce the noise 
pollution were established and their effectiveness was 
evaluated. 
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There were performed measurements for the 
noise level generated by the road traffic in the main 
crossings, as well as measurements of the rail noise and 
noise of the airport located near the city. 

These measurements were performed using 
equipment such as statistical distribution analyser B&K 
4426 and the noise investigator B&K 2237, noise level 
meter NL-20, and the analyser RC324. 

The results of these measurements allowed 
establishing the first noise map of Timisoara city, depicted 
in fig.1. 

 
Figure 1: The first noise map of Timisoara, 1996 

 
The utilized equipment allows the determination of 

the main noise indicators such as Lech, MaxP, Lmax, 
L0.1, L5, L10, L50, L90, L95. The primary investigations 
of the noise indicators have been made in the years 1996, 
2000, 2001, 2002, 2003, 2004 and 2005, measurements 
being taken during 8 hours, usually between hours 7.30-
15.30.  

Simultaneously with noise measurements, the 
intensity and composition of the traffic were determined, 
and the speed of displacement of transportation means, as 
well. 

For each of the measurements were made detailed 
measurement reports, and following the values obtained 
after measurements, it was concluded that from 119 
investigated crossings, in 95 of them (79,83%) the 
equivalent noise level exceeded the limit admitted by 
STAS 10009-88 concerning Urban Acoustics. The 
exceeding ranged between 0.1 and 16.1 dB, while the 
traffic intensity ranged between 9 and 2681 vehicles/hour 
at a speed of displacement of 50-60 km/h. In these 
conditions, the admissible limit noise level measured at 2 
m distance from the buildings, which id 50 dB(A), was 
exceeded with 1.3-32.9 dB(A). 

In what concerns the noise produced by the railway 
traffic, the admissible value of 70 dB(A) at the limit of 
railway zone was exceeded along the entire length of the 
urban rail, the exceeding being of 2.2-12.7 dB(A). 

Last but not least, the noise level generated by the 
air traffic measured according to [8] on the Timisoara 
Airport exceeded the admitted limit with 7 dB(A). 

6. MEASURES TO ACHIEVE PHONIC COMFORT 
Based on the above mentioned results of 

measurements, one can conclude that the noise generated 
by the transportation means participating to road, rail and 
air traffic in Timisoara city, exceeds the admitted limits 
and produce phonic discomfort. 

Consequently, there was a need to identify some 
measures to be implemented in order to re-establish the 
phonic comfort. 

In order to reduce the noise there were indicated 
some measures related to the organization and 
systematization of the urban traffic, improvement or 
changing of the superstructure of the rolling way, limiting 
the speed of displacement in some areas, replacing old 
trams with new ones, improvement of technical condition 
of vehicles, mounting a layer of rubber between the rails 
and the sleepers, constructing a ring road to bypass 
encircling the town, creating protection zones, absorbing 
screens or green areas between the roads, rails and airport 
and the residential areas [10]. 

After implementing these measures, there were 
performed new measurements in order to evaluate their 
effects. These measurements were performed in 46 points 
chosen near the most important crossings from Timisoara. 

From the obtained data resulted that in these 46 
measurement points, the equivalent noise level has been 
reduced with 0.1-12.4 dB(A) and in 32 of them (69.56%), 
the noise level does not exceed any more the admitted 
value. 

In 10 points located at the limit of the railway zone, 
the equivalent noise level has been reduced with 0.1-9.3 
dB(A) and in 6 of them (60%), the admitted value is not 
exceeded anymore. 

The mean equivalent level in these 46 measurement 
points was 71.8 dB(A) for a mean traffic intensity of 1260 
veh/h before applying the reduction measures and 
respectively  67.3 dB(A) for a mean traffic intensity of 
1429 aut/h after the application of noise reduction 
measures. 

In these circumstances, it is obvious that the 
applied measures contributed to a significant reduction of 
the noise pollution, leading consequently to a reduction of 
the percentage of people disturbed by noise. 

7. ACOUSTIC MAPING 
Once with the accession of Romania in the EU, it 

was adopted the norm H.G. 321/2005, which implement 
the EU noise Directive, whose task is to create a common 
base for evaluation and management of the environmental 
noise. In this respect, after the elaboration in 2006 of a 
study concerned with the opportunity of elaboration of a 
noise map for Timisoara city, in 2007 started the working 
on the map, taking into account road, rail, air and 
industrial noise.  

Based on the requirements of EU noise Directive, 
noise mapping activities start with 3D modelling of the 
whole town, by considering all buildings, collecting real 
and statistical data about traffic intensity, determination of 
the acoustic power emission of the industrial zone, which 
are useful for building up a noise map by simulations 
using specialized software. This simulation should be after 
that validated by real measurements in evaluation points. 
Based on the results obtained by acoustic mapping, action 
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plans were established with the aim to reduce the noise 
level in the city of Timisoara. Measures were foreseen 
concerning improving road traffic and the street network, 
landscaping, improvement of the technical state of roads, 
achieving a more silent functioning of noise sources, 
enhancement of the bicycle road network, achieving the 
ring road so that heavy traffic will avoid the city, active 
and passive protection measures against the rail and 
industrial noise. 

These measures were gradually implemented. A 
real situation is depicted in fig.2-5, where can be seen the 
noise maps for road traffic taking into account the 
parameters Lden and Ln [11].  

Starting from these data, in order to analyse the 
existing situation with the aim to identify reduction 
methods where needed, one were taken into account the 
limit values in force, imposed by OM MMDD 
no.152/13.02.2008. 

In these circumstances, the situation was as 
follows: one were emphasized 21 roads with significant 
impact of the noise on the population, 24294 persons 
exposed to a noise level above 65 dB, according to the 
indicator Lden and 45562 persons exposed to a noise level 
above 50 dB according to the indicator Ln due to the road 
traffic, 51 persons exposed to a noise level above 65 dB 
for the indicator Lden and 535 persons exposed to a noise 
level above 50 dB for the indicator Ln due to the rail 
traffic, and concerning the industrial noise, one were 
identified 10 persons exposed to a noise level above 60 dB 
for the indicator Lden and 99 persons exposed to a noise 
level above 50 dB for the indicator Ln.  

The action plans issued in this situation 
incorporated some measures such as modernization of 
certain sensitive crossings, construction of some protecting 
screens between some roads and residential areas, 
construction of the ring road in the southern part of the 
city, replacing the regular asphalt with rubberized asphalt 
on some sensitive roads, establishing of some green 
protection areas, development of a program concerning 
acoustical treatment of some buildings, construction of 
protecting screens along the urban railway. 

It was estimated the number of people benefiting of 
these measures: for the road traffic noise, 14300 persons in 
terms of Lden and 18920 in terms of Ln; for the rail traffic -  
149 persons in terms of Lden and 508 persons in terms of 
Ln; for the industrial noise – 94 persons in term of Ln. 
Supplementary, the action plans foreseen delimitation of 
quiet zones within the city. The efficiency of these 
measures foreseen in the action plans will be assessed with 
the occasion of achieving the new acoustic maps of the 
city by the end of 2017.  

Moreover, a long-term strategy was settled, 
mentioning some future project such as: completing the 
ring road of the city - 2020; constructing some modern 
crossings with modern passages - 2019; construction of 5 
new bridges over Bega river, in order to fluidize the road 
traffic - 2020; application of a layer of rubberized asphalt 
on a significant number of roads - 2025; construction of 
protecting acoustic screens for schools, hospitals, 
universities - 2020; conservation and extension of green 
protection areas - 2025; replacing a part of surface 
transport with subway trains (subway lines) – 2030. 

  

  
Figure 1: Road trafic noise map - Lden 
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Figure 2: Conflict map for road trafic noise - Lden 

 
Figure 3: Road trafic noise map - Ln 
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Figure 4: Conflict map for road trafic noise - Ln 

 

8. CONCLUSIONS 

Achieving phonic comfort is an important and 
complex task, not very easy to be accomplished. In this 
respect it should be identified the noise sources, it should 
be determined the generated noise levels which should be 
compared with the admitted limits in force. When a 
exceeding is identified, reduction measures should be 
established and implemented. The effectiveness of these 
measures could be evaluated by new measurements. The 
identification of the presence of noise may be made by 
achieving noise maps by simulations with the help of 
specialized software. In this respect, we anticipated this 
facility of mapping the noise in the urban environment 
even from 2007 by achieving not digital maps, but 
analogic noise maps emphasizing the distribution of the 
noise in the city of Timisoara. In this respect, we 
anticipated this facility of mapping the noise even from 
2007 by achieving not digital maps, but analogic noise 
maps emphasizing the distribution of the noise in the city, 
built up by real measurements in the crossings and along 
the roads of the city. 
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In glass production and metallurgical processes, radiant recuperators are used to preheat combustion air by heat 
exchange with high temperature flue gases. For these recuperators, the most popular is concurrent flow arrangement, which 
compared to other solutions has the lowest interface temperature and the longest lifetime. Compared with concurrent, radiant 
countercurrent recuperators have only one drawback: the interface temperature is higher at the flue gas entrance. Their 
comparative advantages are: lower average interface temperature, higher efficiency and smaller pressure drop. Compared 
with pure concurrent and countercurrent radiant recuperators, designs with double air annulus are slightly more efficient 
and have a bit smaller interface temperatures, whereas cost and pressure drop are their disadvantages. In the paper, all 
these four flow configurations are combined by the division of airflow and by the use of different airflow schemes. The 
improved design is a combination of a countercurrent and a concurrent radiant recupreators. Depending on the geometry, 
there is an optimal airflow division in the combined recuperator. For the analysis, a cell modeling method validated on a 15 
m high, concurrent radiant recuperator used in a glass fiber production process is used. Different solutions are analyzed 
comparing their effectiveness, energy and exergy efficiencies, and interface temperatures. 

Keywords: Radiant recuperator, Heat transfer, Cell modelling method, Effectiveness, Double annulus, Flow division
1. INTRODUCTION 

Flue gases leaving metallurgical and glass 
production furnaces contain highly valuable sensible heat. 
In glass fiber production, flue gas exit temperatures higher 
than 1200 °C are usual [1]. Thermodynamically, the 
preferable use of high temperature waste heat is for power 
production, but in these industries, it is economically 
justified to use this heat to maintain high temperatures of 
technological processes. This is achieved by recuperators, 
in which combustion air is preheated by heat exchange with 
hot flue gases. The use of preheated air increases 
combustion temperature and the process efficiency [2]. 

Recuperators are classified according to [3]: (i) their 
material: metallic or ceramic, (ii) dominant mode of heat 
transfer: convective, radiant, and combined (convection and 
radiation) recuperators etc. Two types of radiant 
recuperators are frequently used [3]: pipe-in-pipe, depicted 
in Figs. 1 and 2, and tubular of cage type recuperator. In this 
field the ongoing research spreads in [3,4]: (i) developing 
new materials and coatings, (ii) developing new designs, 
(iii) modification and optimization of the existing designs, 
and (iv) mathematical modelling. 

Compared with concurrent, radiant countercurrent 
recuperators have only one drawback: the interface 
temperature is higher at the flue gas entrance. Their 
comparative advantages are: lower average interface 
temperature, higher efficiency and smaller pressure drop 
[4]. The lowest interface temperature produces the longest 
useful, life-time for a recuperator, and is the main reason 
why concurrent arrangement is the most popular for 
recuperators [5]. Compared with pure concurrent and 
countercurrent radiant recuperators, designs with two air 
annuluses (see Fig. 2 (e), and (f)) are slightly more efficient 
and have a bit smaller interface temperatures, whereas cost 
and pressure drop are their disadvantages. Table 1 shows 
the recommendations for air and flue gas velocities 
depending on the design of pipe-in-pipe radiant recuperator 
[4,6]. 

Table 1. Recommended velocities of flue gas and air 
depending on the design of radiant recuperators. The 

designs are depicted in Fig.2 (c) – (f). 

 
The purpose of the paper is to solve the problem of 

high interface temperatures in countercurrent radiant 
recuperators without a noticeable decrease of its efficiency 
by the division of air flow or by the use of different air flow 
arrangements. Figure 3 shows the examined arrangements. 
Figure 3 (a) depicts a combined recuperator obtained by the 
division of air flow. This design distinguishes two different 
sections and presents combination of a countercurrent and 
a concurrent heat exchanger. The aim is to unite positive 
features of both designs. At the flue gas entrance into the 
recuperator, one air stream flows concurrently to the gas. 
On the opposite end, the other air stream flows 
countercurrently to the flue gas. Figure 3. (b) depicts a 
double pipe-in-pipe (double annulus) configuration, which 
is similar to the one shown in Fig. 3 (a). The difference is 
that the air firstly flows through outer and then through the 
inner annulus. Fig. 3 (c) shows the air flow arrangement 
without the separation of the air flow. This arrangement also 
has two different sections. At the entrance of the flue gas, 
there is a double annulus with a concurrent air flow to the 
flue gas that flows through the central pipe and a 
countercurrent flow of the air in the outer annulus to the air 
in the inner annulus. The air leaving this part of the 
recuperator than enters into the other part, which has 
opposite flow configuration. The proposed designs are not 
a novelty. They have been reported in [5,7] but they have 
not been thermodynamically analyzed and compared.  

 Pipe-in-pipe Double pipe-in-pipe 
Flue gas 
[m/s] 3-5 [6] 3-5 [4] 

Air [m/s] 20-30 [6] 
in the outer annulus <2 [4] 
in the inner annulus 25-30 

[4] 
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The basis for the analyses is a 15 m high recuperator 
used downstream of a glass fiber kiln, which is shown in 
Figs. 1 and 2. It is a concurrent pipe-in-pipe radiant heat 
exchanger in which both fluids: flue gas and combustion air, 
enter from the bottom and exit at the top. Flue gas flows 
through the central pipe and combustion air flows through 
the annulus, which is shown in Fig. 2 a) and b). The annulus 
has fins over the perimeter of the outer surface of the inner 
cylinder. These fins are placed over the entire annulus 
length. They influence the heat transfer but are placed 
primarily to facilitate assemblage, secure the distance 

between the cylinders, and prevent buckling and bulging of 
the innermost cylinder. The structure hangs supported from 
the above, which means that the maximum load on the 
material is at the top of the recuperator. To secure material 
strength in this zone a cooling air is introduced just above 
the combustion air exit, as can be seen in Fig. 1. The 
examined recuperator is built from high temperature 
resistant chrome nickel steel. 

The tool for the analysis is a cell modelling method 
described and validated in [4]. Four different cells enable 
modelling of all examined flow configurations.

 

 
Figure 1: Measuring points, instruments, and results for the examined radiant recuperator. 

  

 
Figure 2: (a) cross section A-A from Fig. 1 of the 

examined recuperator with the detail of fins, (b) annular 
air passage, (c) pipe-in-pipe concurrent, (d) pipe-in-pipe 

countercurrent, (e) double pipe-in-pipe countercurrent, (f) 
double pipe-in-pipe concurrent recuperator. 

 
Figure 3: Examined recuperators: (a) combined pipe-in-

pipe recuperator, (b) combined double pipe-in-pipe 
recuperator, (c) combined flow arrangement. 
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2. MASS AND ENERGY BALANCE OF THE 
EXAMINED RECUPERATOR 

Figure 1 shows the mass and energy balances of the 
examined recuperator. The balances are obtained after 12 
hours of examination by combining average measurement 
values and calculations.  

The recuprator is used to preheat air, here at 642°C, 
for the combustion of heavy fuel oil in a continuous glass 
furnace. The recuperative furnace produces 669.12 kg/h of 
glass fiber by the use of 970.03 kg/h or raw material. The 
temperatures in the furnace are kept in the range from 1298 
to 1580 °C by the use of side burners. The flue gas, whose 
composition is given in Fig. 1, leaves the furnace at 1293 
°C. Gravity drives molten glass out of the furnace. 

In the figure, the measuring devices are given, too. 
The relative errors of the measured quantities are: for O2 
±0.8%, SO2 ±5%, H2O ±3%, volume flow rates ±3%, and 
for temperatures less than ±0.5%. The presented values are 
in agreement with [1]. 

 

3. MODEL 
The applied model is explained and validated in [4]. 

Figure 4 shows the structure of the applied heat transfer 
model. The heat exchanger is divided into a finite number 
of area elements over which the two fluid streams flow. In 
this, so-called cell modelling method, a heat exchanger is 
represented by a system of interconnected but not 
overlapping cells. The application of this concept gives 
insight into the interior of a heat exchanger. The concept 
also allows representation of a stream with a single cell. 
There are three types of cells in the model, for: flue gas, air, 
and insulation. Additionally, there are two types of air cells: 
with and without fins. 

 
Figure 4: The structure and the principle of the applied 

cell modeling method. 

The first assumptions made in developing the model 
is that the problem of fluid flow and heat transfer is 
symmetrical to the central axis of the innermost pipe 
through which flue gas flows. In Fig. 4, the flue gas cell is 
limited by the rectangle 0-0-2-2. High temperature flue gas 
flowing through a pipe is cooled down by convection and 
radiation. The energy balance for the flue gas in the i-th cell 
is 

�̇�𝑚FG𝑐𝑐𝑝𝑝FG�𝑇𝑇in,FG𝑖𝑖

𝑇𝑇out,FG𝑖𝑖�𝑇𝑇in,FG𝑖𝑖 − 𝑇𝑇out,FG𝑖𝑖� = �̇�𝑄con,FG𝑖𝑖 +

�̇�𝑄rad,FG𝑖𝑖, 
(1) 

where, �̇�𝑚FG = 1.995 kg/s is the mass flow rate, cP in J/kg 
is the average heat capacity between the inlet Tin,FG and the 

outlet Tout,FG temperature of the flue gas in the i-th cell. The 
first term on the right side of Eq. (1) is the convective heat 
flow rate �̇�𝑄con,FG in W from the flue gas to the pipe wall in 
the i-th cell and is calculated by the model presented in [8]. 
The second term on the right side of Eq. (1), �̇�𝑄rad,FG in W 
represents the radiative heat transfer rate from the flue gas 
mixture onto the circumference of the enclosing pipe. The 
radiative heat transfer is calculated by the model presented 
in [9]. The heat transfer rate, which the inner wall of the 
pipe (1-1 in Fig. 4) obtains by the convective and radiative 
heat transfer rate from the flue gas is transmitted to the outer 
side of the innermost pipe (2-2 in Fig. 4) by the conduction 
heat flow rate �̇�𝑄cond,FG: 

�̇�𝑄cond,FG𝑖𝑖
= �̇�𝑄con,FG𝑖𝑖

+ �̇�𝑄rad,FG𝑖𝑖
=

𝑇𝑇w1𝑖𝑖−Tw2𝑖𝑖
1

2π𝜆𝜆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
ln
𝑑𝑑1
𝑑𝑑2

, (2) 

where 𝜆𝜆steel = 31 W/mK is the thermal conductivity for the 
pipe [10]. The diameters in Eq. (2) are shown in Fig. 4.  

The rectangle 2-2-4-4 in Fig. 4 limits the air cell. The 
air flowing through the concentric annular duct is heated by 
convective heat transfer rates from the inner (2-2) and the 
outer cylinder (4-4 in Fig. 3). The energy rate balance for 
the air flow in the i-th cell is: 

�̇�𝑚a𝑐𝑐𝑝𝑝a
�
𝑇𝑇in,ai

𝑇𝑇out,a𝑖𝑖�𝑇𝑇out,a𝑖𝑖 − 𝑇𝑇in,a𝑖𝑖� = �̇�𝑄con,in𝑖𝑖
+ �̇�𝑄con,out𝑖𝑖

, (3) 

where �̇�𝑚a = 1.815 kg/s is the mass flow rate of air (see Fig. 
1), cP in J/kg is the average heat capacity between the inlet 
Tin,a and the outlet Tout,a temperature of the air in the i-th 
cell.�̇�𝑄con,in in W and �̇�𝑄con,out in W are the convective heat 
transfer rates from the inner and outer surface of the 
annulus, respectively. A model given in [11] that calculates 
the heat transfer in concentric annular ducts for fully 
developed turbulent flow is used to calculate the heat 
transfer coefficient, which is used to calculate heat transfer 
rate in each air cell.  

In addition to the air flow energy rate balance Eq. 
(3), the energy rate balances in W for the outer surface of 
the inner cylinder Eq. (4) and the inner surface of the outer 
cylinder Eq. (5) are used (surfaces 2-2 and 3-3 in Fig. 4): 

�̇�𝑄cond,FG𝑖𝑖
= �̇�𝑄con,in𝑖𝑖

+ �̇�𝑄rad,in𝑖𝑖
, (4) 

�̇�𝑄rad,in𝑖𝑖
= �̇�𝑄con,out𝑖𝑖

+ �̇�𝑄cond,out𝑖𝑖
. (5) 

The heat flow rate from the corresponding flue gas 
cell �̇�𝑄cond,FG is partly transferred by heat convection to the 
air �̇�𝑄con,in and partly radiated to the outer surface of the 
annulus �̇�𝑄rad,in. The radiated heat is then transferred by heat 
convection to the air �̇�𝑄con,out and partly transferred to the 
surroundings or the outer air cell �̇�𝑄cond,out depending on the 
examined construction.  

The radiative heat transfer rate �̇�𝑄rad,in consists of two 
components, which are calculated by the model presented 
in [12]. The first component of the radiative heat transfer is 
from the outer surface of the inner cylinder (surface 2-2 in 
Fig. 4) to the inner surface of the outer cylinder (3-3) [12]. 
The other component is from the fins to the inner surface of 
the outer cylinder (3-3). 
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The term �̇�𝑄cond,out in Eq. (5) is the heat transfer rate 
through the outer surface of the air cell, which is calculated 
in each cell as in Eq. (2) 

�̇�𝑄cond,out𝑖𝑖
=

𝑇𝑇outw𝑖𝑖−T4𝑖𝑖
1

2π𝜆𝜆steel
ln
𝑑𝑑4
𝑑𝑑3

. (6) 

The heat transfer rate defined by Eq. (6) from all 
outer air flowing cells is transferred by heat conduction 
through an insulating layer and then by natural convection 
�̇�𝑄con,loss and radiation �̇�𝑄rad,loss to the surroundings. These 
two components define the heat loss �̇�𝑄loss = �̇�𝑄con,loss +
�̇�𝑄rad,loss. The heat flow rate towards the surroundings by 
convection is calculated by [13], whereas the radiative heat 
loss is calculated by [12]. As there are several air cells that 
are connected to an insulation cell, the temperature at the 
outer surface of the outermost air-flowing cylinder is 
determined as the arithmetic mean of the corresponding 
temperatures for all air cells connected to the insulation cell.  

The physical properties of all the quantities in the 
model are referred to the mean air temperature in the cell. 
Densities, thermal conductivities, thermal diffusivities, 
dynamic viscosities, Prandtl numbers and air specific heat 
capacities and enthalpies are calculated by [14-16]. Specific 
heat capacities and enthalpies of gas species in the flue gas 
are calculated by [17]. 

Each cell is 2.5 m high, except the insulation cell 
which is 15 m high. The disadvantage of the developed 
model is the negligence of the radiative heat transfer 
between cells of the same type. This impact is very small 
between air cells due to tiny view factors. Oppositely, the 
view factor between two adjacent flue gas cells is not 
negligible.  

3.1. The effectiveness and exergy efficiency of recuperators 
The determination of the outlet temperatures of flue 

gas and combustion air for a recuperator enables calculating 
its effectiveness 𝜉𝜉, which is the dimensionless ratio between 
the actual heat transfer and the maximal possible one in a 
heat exchanger [18]: 

𝜉𝜉 =
𝑇𝑇𝑎𝑎,𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑇𝑇𝑎𝑎,𝑖𝑖𝑖𝑖

𝑇𝑇𝐹𝐹𝐹𝐹 ,𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑎𝑎,𝑖𝑖𝑖𝑖
. (7) 

It allows comparison of the analyzed designs. 
Additionally, exergy efficiency enables the comparison 
between the analyzed designs. It is defined as the ration 
between all the exergy flow rates that leave the system (flue 
gas, heat loss, air) to the exergy flow rates that enters the 
system (flue gas and air): 

𝜓𝜓 =
∑ 𝐸𝐸�̇�𝐸𝑜𝑜𝑜𝑜𝑜𝑜

∑ 𝐸𝐸�̇�𝐸𝑖𝑖𝑖𝑖
 (8) 

In Eq. (8) all exergy flow rates are calculated as in 
[19]. 

3.2. Flow ratio 
The all analyses are performed with the constant air 

flow of 1.815 kg/s. In designs presented in Fig. 3 a) and b) 
the flow is divided. The measure of the division is the flow 
ratio m [-], which is the mass flow rate of air through the 

countercurrent section �̇�𝑚𝑐𝑐𝑐𝑐 relative to the total air mass flow 
�̇�𝑚 

𝑚𝑚 = �̇�𝑚𝑐𝑐𝑐𝑐
�̇�𝑚

.     (9) 

4. RESULTS 
The data presented in this section relate to the 

examined recuperator and its input data (flow rates and inlet 
temperatures as in Fig. 1). Figure 5 shows what has been 
stressed in the introduction section, compared with the pure 
concurrent radiant recuperator, the countercurrent has a 
higher interface temperature at the flue gas entrance.  

 
Figure 5: The temperature profiles of flue gas, air and 

inner surface of the innermost cylinder along the 
recuperator for different designs that have the same 

geometry as the experimental recuperator(solid line – 
countercurrent (Fig. 2 d)), long dash dot line – 

experimental concurrent (Fig. 2 c)), dash line –combined 
m=0.7 (Fig. 3 a) d1=1284 mm, d3.1=d3.2=1372mm)), 

dotted line – combined m=0.5). 

If the air flow is divided to obtain a combined 
recuperater, which consists of a concurrent section at the 
flue gas entrance and a countercurrent section at the flue gas 
exit, the exit temperature of air is obtained as a mixture of 
two streams (see Fig 3. a)). The effectiveness, exit 
temperatures and interface temperatures depend on the flow 
ratio m if the combined recuperator has the existing 
dimensions (diameters and fins), which are shown in Figs. 
1 and 2, and if the air flow is divided so as the the concurrent 
and the countercurrent sections are 5 and 10 m long, 
respectively. The division of the recuperator onto two 
unequal sections is made based on the interface 
temperatures for pure concurrent and countercurrent radiant 
recuperator. These temperatures are shown in Fig. 5. If the 
existing dimensions are kept, the effectiveness of the 
combined recuperator is substantially lower than for the 
existing concurrent recuperator (see Fig. 6). Additionally, 
maximal interface temperatures are extremely high for 
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m=0.5 and m=0.7, as it is shown in Fig. 5. The reason for 
this behavior are the air velocities in the both sections. If the 
same dimensions are retained as in the existing concurrent 
recupreator, the temperatures and mass flow rates of air 
through the sections of the combined recuperator are 
smaller. Although there are high temperature differences 
(see Fig. 5) and equal surface areas for the convective heat 
transfer, the heat flow rate from the flue gas to the air is 
smaller. Compared to its dependence on temperature 
difference, the heat transfer coefficient in these annular 
ducts depends more on air velocity. 

 
Figure 6: The effectivness for different radiant 

recuperator desgings; 1 – the existing concurrent 
recuperator, 2 – the existing countercurrent, 3 – combined 

(d1=1284 mm, d3.1=d3.2=1372mm), 4 – combined 
(d1=1284 mm, d3.1=1338 (fins 18x4x500mm), d3.2=1330 

(fins 15x4x500 mm)) , 5 – combined (d1=1284 mm, 
d3.1=1354 (fins 25x4x500mm), d3.2=1334 (fins 15x4x500 

mm)) 

The effectiveness increases if the cross sections of 
the annuluses decrease (see Fig. 6). This influences the rise 
of the velocities in both sections of the combined 
recuperator as can be seen in Fig. 8. However, the cross 
section of the annulus cannot decrease substantially as it can 
produce a large pressure drop. Figure 6 shows that for the 
examined dimensions of combined radiant recuperators, 
there is an optimal flow ratio. For the recuperator with the 
existing dimensions the optimal ratio m is around 0.7, 
whereas for smaller annuluses the optimal ratio is around 
0.6. 

The combined radiant recuperators, which have an 
approximately isothermal mixing of two air streams, have 
the maximal effectiveness. This is shown in Fig. 9, which 
also depicts the flue gas, wall (interface), and air 
temperatures across the examined recuperators. For the 
applied dimensions of air annuluses, the interface 
temperatures for flow ratio of 0.6 are substantially lower 
than for the pure countercurrent radiant heat exchanger (see 
Fig 5.). The reason is a larger temperature difference 
between the flue gas and the air. 

 
Figure 7: The total heat flow rate from the flue gas and the 

heat loss depending on the flow ratio m, for different 
designs: 1 – existing concurrent recuperator, 2 – existing 

countercurrent, 3 – combined (d1=1284 mm, 
d3.1=d3.2=1372mm (fins 35x4x500)), 4 – combined 

(d1=1284 mm, d3.1=1338 (fins 18x4x500mm), d3.2=1330 
(fins 15x4x500 mm)) , 5 – combined (d1=1284 mm, 

d3.1=1354 (fins 25x4x500mm), d3.2=1334 (fins 15x4x500 
mm)) 

 
Figure 8: The average air velocities in different sections of 

the combined recuperator, 1 - d1=1284 mm, d3.1=1338 
(fins 18x4x500mm), d3.2=1330 (fins 15x4x500 mm) , 2 – 
d1=1284 mm, d3.1=1354 (fins 25x4x500mm), d3.2=1334 

(fins 15x4x500 mm) 
The combined recuperator with tighter annuluses 

has larger velocities (see Fig. 8) and consequently a larger 
average heat transfer coefficient. The temperature profiles 
along these recuperators are shown in Fig. 9. The figure 
shows that the most suitable interface temperature have the 
designs with the largest effectiveness (see Figs. 6 and 7), 
which have approximately isothermal mixing of two 
streams.  

Figure 7 shows that a lot of different designs of 
combined recuperator could perform better than the existing 
concurrent one. Figure 7 also shows the heat losses to the 
surroundings for the same thickness of insulation applied 
over the examined designs: 20 cm of mineral wool covered 
with an aluminum sheet. The differences in heat losses are 
due to the different air temperatures in air annuluses (the 
smaller the air temperature the smaller the outer wall 
temperature) and different outer diameters (the larger the 
diameter the larger the heat loss). 
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Figure 9: The temperature profiles of flue gas, air and 

inner surface of the innermost cylinder along the 
recuperator for different designs of combined recuperator 
and different flow ratios; 1 and 2 marks the same designs 

as in Fig. 8.  

The application of the second outer annulus over the 
combined recuperator (double pipe-in-pipe combined 
design (DC)), with the dimension of the inner annulus as in 
the existing recuperator, substantially decreases the 
interface temperature and increases its effectiveness (see 
Fig. 10 and Tab. 2). Of course, the outer annuls increases 
the total surface area for the heat transfer. By the variation 
of all the diameters in this design an improved effectiveness 
could be obtained.  

The smaller interface temperatures could be 
obtained with a different flow arrangement too. Figure 10 
shows this as well. The drawback of the presented CFA 
design is the pressure drop, which depends on air velocities 
that are shown in Fig. 11.  

Table 2. Properties of the combined double pipe-in-pipe 
recuperator DC (Fig. 3 b), d1=1284 mm, d3.1=1338 (fins 
18x4x500mm), d3.2=1330 (fins 15x4x500 mm), d5.1=1650, 
d5.2=1450, material thickness 5 mm, m=0.61) and for the 

combined flow arrangement CFA shown in Fig. 3 c) 
(d1=1284 mm, d3.1= d3.2=1372 (fins as in Fig. 2), 

d5.1=d5.2=1550, material thickness 5 mm)  
DC (Fig 3 b)) CFA (Fig 3 c)) 

Total heat 
flow rate 
[MW] 

1.30 1.24 

Heat loss [W] 20800 19500 
Effectivness 0.529 0.507 

 
The exergy efficiency is not suitable for the 

application on the examined designs, because it is primarily 
influenced by the flue gas exergy. Compare with the air 
exergy, the exergy of the flue gas is substantially larger and 
influences small variations between exergy efficiencies of 
the examined designs. Nevertheless, for the examined 
designs the change in exergy is proportional to the change 
in effectiveness. 
 

 
Figure 10: The temperature profiles of flue gas, air and 

inner surface of the innermost cylinder along the 
recuperator; solid line – DC recuperator ((Fig 3. b) 

d1=1284 mm, d3.1=1338 (fins 18x4x500mm), d3.2=1330 
(fins 15x4x500 mm), d5.1=1650, d5.2=1450, material 

thickness 5 mm, m=0.61), dotted line – CFA ((Fig. 3 c) 
d1=1284 mm, d3.1= d3.2=1372 (fins as in Fig. 2), 

d5.1=d5.2=1550, material thickness 5 mm) 

 
Figure 11: The average air velocities along the DC and 

CFA recuperators (dimensions are givne in Fig. 10) 
5. CONCLUSIONS 

From the applied analysis, it can be concluded that 
the effectiveness of a radiant recuperator could be increased 
and the interface temperature could be decreased by the 
implementation of the combined radiant recupeator, double 
combined recuperator and combined air flow arrangements.  
The presented solutions sum up comparative advantages of 
concurrent, countercurrent and double-pipe-in-pipe radiant 
recuperators.  

Depending on the applied geometry, there is an 
optimal airflow division to concurrent and countercurrent 
sections of a combined radiant recuperator. For the 
examined designs, the optimal dimensions should be 
obtained by an economic analysis. Certainly, designs that 
are more complex are more expensive. Also, smaller cross 
section areas of air flow annuluses influence larger heat 
transfer coefficients and oppositely larger pressure drops.  

For all presented solutions (see Fig. 3), the optimal 
design should have the variable diameters of annuluses 
along the recuperator. 
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Acoustic Properties of Recycled Rubber at Normal Incidence 
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This paper presents the results of testing acoustic properties of samples formed of recycled rubber granules and a 
binding agent made of polyurethane resins. The testing was performed in an impedance tube with the diameter of 100mm 
by using the transfer function method between two microphones defined by the standard SRPS EN ISO 10534-2. The 
samples with the thickness between 10mm and 50mm were tested. The results show that recycled rubber has excellent 
absorption properties and that the increase in thickness of the material leads to the increase in the values of the sound 
absorption coefficient at lower frequencies.  
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1. INTRODUCTION 

The consequence of constant increase in human 
population and development of engineering is big 
environmental problems which are particularly 
pronounced in the increased level of noise in urban 
environments and the need for storing different types of 
industrial waste. Storing and recycling of used car tyres 
have become, in the last decades, one of the biggest 
problems related to the environment. The solution of the 
problem is being searched for in the possibility of 
recycling rubber waste.  

Until several years ago, waste tyres in Serbia were 
deposited in legal and illegal waste dumps. They were 
used as a fuel in technically inadequate furnaces and 
uncontrolled burning processes (brick yards/fields, lime 
pits...) thus being a serious ecological problem. Since 
2009, these problems have been coordinated with the EU 
legal regulations and today, in compliance with the 
Rulebook on Methods and Procedures for Waste Tyre 
Disposal Management (The Official Gazette of RS number 
104/2009), more and more waste tyres are being recycled 
into various rubber raw materials and products [1].  

Acoustic properties of rubber have been the subject 
of a lot of research [2÷14] in order to test the possibility of 
using rubber for passive noise protection. It has been 
shown that the preliminary results of the absorption 
coefficient of these tyre samples, under normal incidence 
conditions, are rather high.   

This paper presents the initial results of the research 
organised for the purpose of finding possibilities for 
mastering new products on the basis of recycled rubber 
granules. The research was realised within the project TR 

37020 “Development of Methodologies and Means for 
Noise Protection in Urban Environments” financed by the 
Ministry of Education, Science and Technological 
Development of the Republic of Serbia [15]. 

2. EXAMINATION OF ABSORPTION PROPERTIES 
OF RECYCLED RUBBER  

2.1. Research plan  
The research plan foresaw testing of acoustic 

properties of recycled rubber granules in the frequency 
range 125Hz-1600Hz as well as the dependence of the 
sound absorption coefficient on the material thickness. The 
factors tested and the intervals of their change are 
presented in Table 1. 

Table 1. Factors for response surface study 

Factor Name Mark Units 
Low 
Level  
(-1) 

High 
Level  
(+1) 

A frequency f Hz 125 1600 
B thickness d m 0.01 0.05 

2.2. Material and preparation of samples 
The testing samples were made of recycled rubber 

granules (granule dimensions from 3 to 5mm) and a 
binding agent made of polyurethane resins. They were cast 
in moulds whose diameter was 100mm and thickness 
10mm, 20mm, 30mm, 40mm and 50mm (Figure 1) 
without pressing in order to provide the porosity of 
samples. Porosity is necessary because it provides the loss 
(dispersion) of sound energy in interconnected pores of the 
material. 

 
 Figure 1. Samples made of recycled rubber  
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The physical properties of the material made of 
recycled rubber were taken from the catalogue of the 
manufacturer “Tigar – Technical Rubber” a.d. – Pirot [16], 
and they are shown in Table 2. 

Table 2. Physical properties of the material made of 
recycled rubber [16] 

Hardness [ShA] 70±10 
Density [kg/m3] 750 - 900 
Tensile strength  [MPa] 0.4 
Abrasion resistance [mm3] 200 
Elongation [%] 50 
Compression [%] 4.3 

2.3. Method and equipment 
The measurement of absorption was done in the 

impedance tube by using the transfer function method 
between two microphones, described in the SRPS EN ISO 
10534-2 standard [17]. This method is based on the 
decomposition of the standing wave which is formed in 
the tube by recording signals from two microphones and 
calculating their transfer function. The reflection 

coefficient is calculated from the transfer function, and 
then the absorption coefficient is calculated. This method 
results in obtaining the values of the absorption coefficient 
at normal incidence, in the frequency range defined by the 
physical dimensions of the tube and the distance between 
the microphones. By using this method, it is possible to 
obtain fast measurements for normal incidence, using 
small samples. 
 21 R= −α  (1) 
where R is the reflection coefficient calculated according 
to the expression: 

 2 ( )
jks
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Where: 

• H – the corrected transfer function, 
• s – the distance between the microphones,  
• I – the distance between the closer microphone 

and the sample, and  
• k – the wave number. 

  
Figure 2. System for measuring absorption according to the standard SRPS EN ISO 10534-2 [17] 

The method of impedance of the tube has numerous 
advantages, which are described in the literature [17], the 
most important of them being: 

• the measuring device is of small dimensions, so 
that it is very practical for use,  

• the samples themselves have small dimensions, 
which facilitates their preparation for measurement, 

• small costs of the experiment.  
The disadvantages of this method: 

• only normal incidence of waves are measured, 
although it is possible to apply correction to obtain 
a value of the absorption coefficient with random 
incidence,  

• different diameters of tubes and samples are 
necessary in order to cover a wider frequency 
range. 

3. RESULTS AND DISCUSSION 

3.1. Experimental results 
Experimental values of the absorption coefficient 

per 1/3 octave bands for different material thicknesses 
obtained by measuring in the impedance tube are shown in 
Table 3. 

Table 3. Values of the absorption coefficient for recycled 
rubber  

f (Hz) d (cm) 
1 2 3  4 5 

125 0.062079 0.061709 0.074983 0.079582 0.078801 
160 0.046224 0.048147 0.061382 0.072933 0.082575 
200 0.050688 0.064102 0.071529 0.088792 0.093929 
250 0.033774 0.043948 0.060364 0.095229 0.10363 
315 0.047438 0.051707 0.078651 0.11827 0.13687 
400 0.052127 0.067505 0.08809 0.17284 0.20107 
500 0.051058 0.069412 0.11152 0.23979 0.28714 
630 0.057375 0.086028 0.14524 0.36262 0.44561 
800 0.068572 0.111380 0.20821 0.5924 0.72293 
1000 0.077245 0.146640 0.31118 0.85416 0.95535 
1250 0.10620 0.245290 0.54574 0.91899 0.87541 
1600 0.14311 0.410970 0.85543 0.72432 0.65755 

From Table 3 and Figure 3 the following can be noted: 
• At low frequencies up to 400Hz, recycled rubber 

does not have pronounced absorption properties 
and the absorption coefficient ranges in the interval 
from 0.03 for the thickness of 10mm to 0.2 for the 
material thickness of 50mm. 
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• The absorption coefficient increases with the 
increase in the material thickness. For the material 
thicknesses from 10mm to 30mm, the maximum 
value of the absorption coefficient is at the 
frequency of 1600Hz, as follows: for d=10mm it is 
α=0.14, for d=20mm it is α=0.42 and for d=30mm 
it is α=0,86.  

• For the rubber thickness of d=40mm, the maximum 
value of the absorption coefficient is α=0.92 for the 
frequency f=1250Hz, while this value decreases at 
higher and lower frequencies. Rubber accomplishes 
the highest efficiency regarding absorption in the 

range from 800Hz to 1600Hz, where the absorption 
coefficient ranges in the interval from 0.6 to 0.92. 

• For the rubber thickness d=50mm, the maximum 
value of the absorption coefficient is α=0.96 for the 
frequency f=1000Hz, while this value decreases at 
higher and lower frequencies. Rubber accomplishes 
the highest efficiency regarding absorption in the 
range from 700Hz to 1600Hz, where the absorption 
coefficient ranges in the interval from 0.6 to 0.96. 

It can be concluded that the absorption coefficient of 
recycled rubber increases with the increase in the material 
thickness, but at the same time its maximum moves toward 
relatively lower frequencies up to 1000Hz. 
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Figure 3. Values of the absorption coefficient for recycled rubber  

3.2. Procession and analysis of the experimental results  
In order to carry out the procedure of regression 

analysis and perform the selection of an adequate 
regression model after the selection of the experimental 
plan and performed experimental measurements, it is 
necessary to carry out the following phases [18, 19]: 

• Entering experimental data  
• Summary statistics of possible mathematical 

models 
• Selection of the stochastic model  
• ANOVA analysis – evaluation of the significance 

of the model  
• Evaluation of the model adequacy  
• Interval evaluation of the model parameters  
• Diagnostics of the model and, if necessary, 

transformation of the model  
• Interval evaluation of the regression function  
• Graphical interpretation and interpretation of the 

model. 
 

The data procession was performed in the software 
package Design Expert v.9.0.6.2. [20, 21]. Out of the 
available mathematical models, the models proposed have 
the form of third and fourth degree polynomials (Table 4). 

Table 4. Summary statistics of possible mathematical 
models  

Source Std. 
Dev. 

R-
Squared 

Adjusted 
R-

Squared 

Predicted 
R-

Squared 
PRESS  

Linear 0.37 0.8620 0.8571 0.8418 8.71  
2FI 0.32 0.8933 0.8875 0.8514 8.18  

Quadratic 0.30 0.9140 0.9060 0.8680 7.27  
Cubic 0.14 0.9812 0.9779 0.9681 1.76 Suggested 

Quartic 0.12 0.9876 0.9837 0.9473 2.90 Suggested 
Fifth 0.10 0.9922 0.9885 0.9369 3.47 Aliased 

The cubic model was adopted. In order to improve 
the results of the analysis, it was necessary to perform the 
transformation of the response function by means of the 
natural logarithm (Natural Log, k=0, λ=0). After reduction 
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of nonsignificant members from the proposed model, the 
analysis of variance (ANOVA) for the transformed cubic 
model was performed. 

Table 5. ANOVA report for recycled rubber  
ANOVA for Response Surface Cubic model 

Source Sum of 
Squares df Mean 

Square 
F 

Value 
p-value 

Prob > F  

Model 54.02 9 6.00 290.60 < 0.0001 significant 
A-f 5.89 1 5.89 285.21 < 0.0001  
B-d 6.56 1 6.56 317.81 < 0.0001  
AB 0.72 1 0.72 34.69 < 0.0001  
A^2 1.03 1 1.03 49.83 < 0.0001  
B^2 0.69 1 0.69 33.37 < 0.0001  
A^2B 2.51 1 2.51 121.63 < 0.0001  
AB^2 0.65 1 0.65 31.65 < 0.0001  
A^3 0.25 1 0.25 12.26 0.0010  
B^3 0.28 1 0.28 13.68 0.0005  
Residual 1.03 50 0.021    
Cor Total 55.05 59     

The high F value of the model (F=290.60) and the 
low value of probability (p<0.0001) indicate that the 
model is significant. The coefficient of determination (R-
Squared) and other statistics (Table 6) have good values, 
which justifies the selection of the adopted mathematical 
model. 

Table 6. Calculation values of the statistics for the 
evaluation of the mathematical model   

Std. Dev. 0.14 
Mean -1.99 
C.V. % 7.22 
PRESS 1.76 
R-Squared 0.9812 
Adj R-Squared 0.9779 
Pred R-Squared 0.9681 
Adeq Precision 53.276 

The value of regression coefficients of the 
mathematical model, the standard error, 95% confidence 
intervals and the Variance inflation factor (VIF) of 
regression coefficients are presented in Table 7. 

Table 7. Values of coefficients of the mathematical model 
and confidence intervals   

Factor Coefficient 
Estimate df Standard 

Error 
95% CI 

VIF 
Low High 

Intercept -1.25 1 0.042 -1.33 -1.17  
A-f 1.58 1 0.093 1.39 1.77 9.55 
B-d 1.55 1 0.087 1.38 1.73 11.02 
AB 0.26 1 0.044 0.17 0.35 1.43 
A^2 -0.38 1 0.054 -0.49 -0.27 1.10 
B^2 -0.30 1 0.051 -0.40 -0.19 1.33 
A^2B -0.84 1 0.076 -0.99 -0.68 3.17 
AB^2 -0.41 1 0.072 -0.55 -0.26 2.76 
A^3 -0.36 1 0.100 -0.57 -0.15 8.30 
B^3 -0.32 1 0.087 -0.50 -0.15 9.03 

The final equation of the mathematical model 
which adequately describes the dependence of the sound 
absorption coefficient of recycled rubber on the frequency 
and the material thickness is: 
 
Ln(α) = - 1.69947 - 4.40877E–003*f - 131.00232*d + 
0.23296*f*d + 3.93762E-006*f^2 + 4089.88397*d^2 - 
7.68280E–005*f^2*d - 1.37867*f*d^2 - 9.03081E-
010*f^3 - 40439.17333*d^3  (3) 
 

The diagnostics of statistical characteristics of the 
model (diagram of normal distribution of residuals, Box-
Cox diagram, etc.) show that residuals are normally 
distributed and that the model has satisfactory statistical 
characteristics (Figures 4 and 5). 

 The graphical presentation of the mathematical 
model described by Eq. (1) is shown in Figures 6 and 7. 
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Figure 4. Diagram of the normal distribution of residuals  
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Figure 5. Box-Cox diagram for the corrected model for recycled rubber 

 
  
 

 

   
   

0.01  
0.01  

0.02  
0.02  

0.03  
0.03  

0.04  
0.04  

0.05  
0.05  

  125.00

  420.00

  715.00

  1010.00

  1305.00

  1600.00

0  

0.2  

0.4  

0.6  

0.8  

1  

1.2  

Alf
a (

GU
MA

)

A: f (Hz)B: d (m)

 
Figure 6. 3D graphical presentation of the dependence of the absorption coefficient on the material thickness in the 

examined frequency range 
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Figure 7. Contour 2D presentation of the mathematical model for recycled rubber  
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4. CONCLUSION 

Experimental results show that the absorption 
coefficient of recycled rubber increases with the increase 
in frequency up to the value of 1300Hz, and after that it 
decreases. The best values are obtained in the interval 
from 800Hz to 1600Hz, which justifies the application of 
recycled rubber as the absorption material for noise 
protection. 

As for the influence of material thickness, it can be 
stated that the increase in thickness has its purpose up to 
45mm, and after that the absorption coefficient decreases. 
It also confirms why the examination was carried out on 
the samples up to 50mm thick. 

Further work will imply new examinations with 
samples with varying dimensions of rubber granules, 
pressing forces while forming the samples, parameters of 
installation, etc., as well as examination of mechanical 
properties, fire resistance, thermal conductivity, etc.  
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During the Calcination of Dolomite  
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The paper analyzes the possibility of using a recuperator on a rotary kiln in the case where the heat for calcination 

of dolomite is obtained by the combustion of heavy fuel oil (HFO) with enriched air. The combustion air is enriched with 
oxygen up to 23%. The recuperator uses both the convective and radiant heat loss from the mantle, prevents overheating 
and could be implemented over rotary kilns with similar surface temperature distribution. A mathematical model that 
determines the diameter of the recuperator is developed and presented. The use of the suggested recuperator is impossible 
when air enriched with oxygen over 23% is used for the combustion of HFO in the kiln. It is necessary to consider other 
possibilities for the use of waste heat from the mantle of a rotary kiln. 

Keywords: rotary kiln, waste heat, recuperator, enriched air. 
 

1. INTRODUCTION 
The increased efficiency in non-ferrous metallurgy 

has a very great potential in the process of dolomite 
calcination, which is carried out in rotary kilns. The 
thermal efficiency of energy transformation is relatively 
low in the process of dolomite calcination in rotary kilns, 
and range between 55% and 60% (usable heat means the 
heat of decarbonisation and physical heat of produced 
calciner) [1]. 

The most prominent heat losses are: 
- Loss due to external cooling through the mental 

of a rotary kiln (up to 30% of the energy 
input),  

- Loss contained in the physical heat of combustion 
products (20% of the energy input). 
 

In addition to these losses, the problems of more 
efficient operation of rotary kilns represent and the lower 
actual combustion temperature in the calcination zone. 
Lower actual temperatures have a negative effect on the 
quality of produced calciner and in further production, 
lead to increased specific energy consumption in electrical 
kilns.  

Enrichment of combustion air is one of the ways to 
increase the efficiency of rotary kilns and before all, their 
capacity. The enrichment procedure results in a reduced 
amount of nitrogen, decreased volume and reduced loss of 
physical heat in exhaust gases. On the other hand, 
enrichment of air with oxygen causes an increase in the 
burning rate, temperature, composition and aerodynamic 
properties of the flame. Higher temperatures of fuel 
combustion cause the improvemed of calciner quality and 
intensify heat radiation in the calcination zone. 

However, there are negative effects that accompany 
the use of enriched air. With the increase in combustion 
temperatures, the heat loss due to external cooling 
increases, too. The increased temperature in the 
calcination zone results in a higher temperature at the 
mental of the rotary kiln, which increases heat loss. 

2.  OXYGEN IN THE COMBUSTION PROCESS  
The well-known properties of oxygen are that it is 

colourless, odorless; in liquid stage, oxygen has a 
distinctive light blue color and it is slighty heavier then 
water. Comperd with air combustion, combustion with 
enriched air is more intense and followed by higher 
combustion temperatures. 

Table 1.1 Physical properties of oxygen [1] 
Dimensions Tags Value Unit 

Molecular mass M 32 kg/k mol 
Gas constant  R 259.9 J/kg K 
Density (at 0⁰ C and 1 bar) ρo 1.429 kg/m3 

Boiling temperature (at 1 
bar) 

ts -182.98 ⁰C 

Liquid density (at the 
boiling temperature) 

ρ 1140 kg/m3 

Specific heat capacity (at 0⁰ 
C and 1 bar) 

cp 913 J/kg K 

Specific heat capacity (at 0⁰ 
C and 1 bar) 

cv 653 J/kg K 

Adiabatic exponent κ 1.4 - 
The heat of vaporization 
(1bar) 

r 213 kJ/kg 

Critical temperature tk -118.82 ⁰C 
Critical pressure pk 50.37 bar 
Thermal conductivity (at 0⁰ 
C and 1 bar) 

l 0.024 W/m K 

2.1. Methods of enriching the air with oxygen  
 
The use of oxygen has led to the fact that two 

different basic methods of enriching the air with oxygen 
are: 

 -equivalent enrichment, 
 -additional enrichment. 
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In equivalent air enrichment, the amount of air is 
reduced while a certain amount of oxygen is added and the 
total amount of oxygen for combustion is not changed. 

In additional air enrichment, the amount of air is 
not changed, but desired amount of oxygen is added to the 
air.  

2.2. Extraction methods of oxygen  
 
There are several methods for extraction of oxygen 

from air [2]: 
 -cryogenic distillation, 
 -molecular sieves and 
 -absorption process. 
 
The selection of method for separation of air into 

its components is applied depends on various factors, 
including the requirements of the technological process, 
economic, i.e. financial conditions and security of the 
entire systems. Atmospheric air is separated into its main 
components: nitrogen and oxygen, while argon and some 
other inert gas are sometimes extracted. The adsorption 
process in the literature, is called Pressure Swing 
Adsorption (PSA), or adsorption process with alternating 
change of the pressure (adsorption and desorption). 

2.3. Methods for oxygen introduction  
 
There are three methods for introducing oxygen in 

a rotary kiln: 
 -Direct, in air canal, 
 -Direct, using nozzles and 
 -Using a special burner, 

 
The direct method is the oldest and most famous 

method for oxygen introduction. The low investment cost 
and simplicity are the main advantages of this method. The 
positive sides of this method are obvious even for the 
small quantities of enrichment (1-2% of oxygen). The 
direct method of introduction of oxygen into the canal is 
used in this paper.  

 

3. ROTARY KILN 
 
At the magnesium production company “Bela 

Stena” in Baljevac on the river Ibar, the “magnetherm” 
process is used for the production of magnesium. Figure 
3.1 shows the main parts of the line for production of 
dolomite calciner [2]: 

 - Supply system, 
 - Driving unit, 
 - Receiving storage for calcined material,  
 - Cooler for gases,  
 - A bag filter for purification of exhaust gases, 
 - Dust transportation system, 
 - Fan, 
 - Chimney. 

 
Figure 3.1. Calciner production line. 1. Rotary kiln. 2. 

Burner. 3. Calciner storage. 4. Dolomite storage. 5. 
Electrostatic precipitator. 6. Chimney. 

 
Table 3.1 Characteristics of the rotary kiln 

Manufacture FIVES CAIL - BABCOCK - 
FRANCUSKA 

External diameter of 
kiln 

2800 mm 

Length of kiln  80m 
Kiln inclination 3 % 
Rotation per minute 
(Rpm)  

0.75 - 0.95 min-1 

Nominal capacity  135t of calciner per day 
Kiln capacity 9150 kg/h 
Fuel  Heavy oil 

 
Raw dolomite is double carbonate (CaMg(CO3)2) 

with a slight admixture of manganese and iron. The 
transportation system transports raw dolomite from 
reception bunker to the crusher. After crushing, dolomite 
goes to washing where mechanical impurities are 
removed. The purified dolomite passes through the sieves, 
resulting in a dolomite grain size of 3 to 30mm. The belt 
conveyer transports grained dolomite to the bunker located 
above the rotary kiln. The mechanical feeders 
continuously feed the rotary kiln with dolomite. Due to the 
rotation and inclination of the kiln, dolomite is slightly 
moves with stirring through kiln, lifts up by the rotation 
wall a the certain height and then drops through the stream 
of hot gases. Dolomite passes several temperature zones 
on its way through the rotary kiln. 

The mantle of a rotary kiln can be divided into few 
temperature zones or areas.  

At about 20m of kiln length, temperature values are 
in the range between 100 and 400⁰C and that part of the 
kiln is made of refractory concrete (3m of length) and the 
second part is coated with refractory bricks (17m of 
length) and this is the preparation zone. In this zone of the 
rotary kiln, fins or buckets are used to lift up dolomite. 

At the next 40m, the temperature value is around 
700⁰C and for this part of the rotary kiln improved 
materials are used for the kiln wall. This is the drying 
zone. 

At the last 20m, the temperature is around 1300⁰C, 
and the quality of refractory bricks is best in this part of 
the kiln. This is the calcination zone. In this zone, 
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calcination of dolomite takes place according to the 
chemical reaction: 

 
CaCO MgCO CaO MgO CO3 3 22⋅ → ⋅ +         (3.1) 

 

4. RECUPERATOR  
In order to increase energy efficiency of the current 

production line, it is very important to reduce heat loss 
from the mantle of the rotary kiln. In cement industry, this 
loss is 8-15% of the total heat input [2], while in the 
magnesium production process it is higher. Chakrabarti [3] 
obtained even larger losses, 24.8% of the total heat input 
for the rotary kiln located in the hall and 34.7% of the total 
heat input for the rotary kiln located in the open air. 

Among the factors that affect this heat loss are: 
technological characteristics of inside process of the kiln, 
temperature distribution, thermal stability and resistance of 
refractory lining inside the kiln, ambient conditions at the 
kiln location, kiln dimensions, thermal properties of the 
outer insulating layer and rotational speed. 

The heat loss of the rotary kiln to the surroundings 
is either reduced by the use of the heat exchangers or by 
the use of stationary insulation screens around the kiln [7, 
8]. The heat exchangers are also a part of external shell [4, 
5], and they are usually used to preheat the water for 
district heating systems. 

As mentioned in the previous sections, an 
examination rotary kiln is used for calcination of dolomite 
in the magnesium production company. The requirement 
to utilize the total heat loss by radiation and convection 
was the reason to utilize waste heat to preheat the air used 
for the combustion of fuel.  

Figure 4.1 shows the basic idea of the proposed 
solution. In the first part of the rotary kiln (calcination 
zone), where the surface temperatures are highest, the 
recuperator is set to preheat air. The amount of the heat 
that would be waste to the surroundings, in case that the 
recuperator does not exist, is used to preheat air. 

After passing through the concentric annular, the 
preheated air is transported by the blower to the burner.  

 
 
 

 

 
Figure 4.1 Schematic view of a rotary kiln and recuperator 

 
 
 
 

5. MATHEMATICAL MODEL 
 
A mathematical model that gives the geometry of 

the recuperator is developed. The model is based on the 
requirement that heat loss, due to external cooling of the 
kiln, is used to preheat the air [1]. 

 
Figure 5.1 Mathematical model of the recuperator 
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Figure 4.1 shows changes of the recuperator 
diameter by sections. The preheated air is extracted 
approximately in the middle of the recuperator. Actually, 
preheated air is extracted over the section of the rotary kiln 
with the highest temperature. 

As the surface temperature of the rotary kiln 
changes along it, and equal amount of air flows along each 
section to extract the heat from each section of the kiln 
equal to the heat loss from the bare kiln; the recuperator 
diameter changes in each section. Figure 5.1 shows the 
principle of the model used for diameter calculation and 
the temperature of preheated air. Two energy balance 
equations (5.1) and (5.2) are used:  

 

( ), , , , ,2
+ = −



 

a
convs i convr i p a aout i ain i

mQ Q C t t , (5.1) 

, , ,0.03= +  

radsr i convr i s iQ Q Q .   (5.2) 
 
Equation (5.1) represents the energy balance of the 

air that flowing through i-th section of the recuperator, 
where: 

  -  - the heat flow rate exchanged 

between the kiln and the air by convection,  the 
heat flow rate exchanged between the air and the 
recuperator by convection.  

- 
/ 2 am

- is a half of the mass flow used for the 
heavy oil combustion in the rotary kiln. The airflow is 
divided into two equal streams flowing from both ends of 
the recuperator, 

 

- , ,,aout i ain it t - are the temperatures of air at the 
inlet and at the outlet of the i-th section of the recuperator. 

 
Equation (5.2) is energy balance per unit of time for 

the inner surface of the recuperator and states that one part 
of the radiant heat flow received from the outer surface of 
the kiln is transferred by convection to the air while the 
other is transferred to the surroundings by conduction 
through insulation of the recuperator. The thickness of the 
insulation and the outer diameter of the recuperator are 
determined from the adopted fact that 3% of the initial 
heat loss of the kiln is lost through the insulation of the 
recuperator (  in Equation (5.2)).  

The total heat loss (  ) from the i-th section of 
the recuperator is equal to the initial heat loss from the i-th 
section of the bare kiln, obtained by 

  (5.3) 
 

where: 
-  - the heat flow rate of the i-th section 

of the kiln transferred by convection to the air flowing 
through the concentric annular, 

-  - the heat flow rate of the i-th section of 
the kiln transferred by radiation from the outer surface of 
the kiln to inner surface of the recuperator. 

The heat flow rate  is obtained for the case 
of two concentric tubes [13] by 

,  (5.4) 

 
where: 
-  - the degrees of emissivity of the kiln 
surface and recuperator [8, 9],  
- - the temperatures on i-th section of the kiln and 
recuperator,  
- - the areas on i-th section of the kiln and 
recuperator. 

The model given in [10] that calculates the heat 
transfer in the concentric annular ducts for fully developed 
turbulent flow is used to obtain the heat flow rate by 
convection on the i-th sections of the kiln  and 

the recuperator . In the model, dimensionless 
numbers for i-th section of the recuperator 

 are determined by the use 

of the hydraulic diameter given by  
,    (5.5) 

where: 
-  - the inner diameter of the i-th section of the 
recuperator, 
-  - the outer diameter of the rotary kiln. 

It is important to note that the physical properties 
relate to the mean temperatures of the air. 

,    (5.6) 
where: 
- - the temperature of ambient air,  
- - the temperature of preheated air. 

For fully developed turbulent flow Re >104 in the 
concentric annular duct, the modified equation of 
Petukhov and Kirilov [11], is used [11]: 

, (5.7) 

where: 
 

  (5.8) 

The friction factor  depends on the ratio 
 and is obtained by [10] 

 

  (5.9) 
 
where: 

             (5.10) 
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For the boundary condition “heat transfer to the 
inner wall, the outer wall is insulated”, which is valid for 
the examined recuperator,  in Equation (5.7), is 
obtained from [10] by 

              (5.11) 
Equation (5.7) which calculates the Nusselt 

number is modified by the use of the correction factor that 
includes the variation of fluid properties with temperature 
[10]: 

,  (5.12) 

The presented model enables determination of the 
preheated air temperature, the temperature of the inner 
wall and the diameter in each section of the recuperator. 
The temperature at the outer surface of the i-th section of 
the recuperator is obtained by 

 
   (5.13) 

 
 Equation 5.13 is a well-known equation for one-
dimensional steady state heat conduction through the tube 
wall, in which  and 

 are thermal 
conductivities of the steel mantle and thermal insulation 
(mineral wool) over the annular duct. Equation 5.13 uses 
the already mentioned fact that the 3% of the initial heat 
loss from the bare kiln is transferred to the surroundings 
through the recuperator insulation. 

 
6. MODEL FOR DETERMINATION OF THE 

INNER DIMENSIONS OF THE RECUPERATOR 

Based on the examined model and determination of 
mass and heat balance of the rotary kiln, the temperatures 
of the inner and outer surface, dimensions and other 
parameters for each section of the recuperator are 
obtained. The calculations for these models are very 
complex because the mathematical model includes a large 
number of interactions. 

For the simple resolving of exact mathematical 
model, the special program is developed for determination 
of the recuperator dimensions and temperatures at the 
inner and outer surface. The program obtains the curve of 
change of the recuperator diameter where the mantel of the 
recuperator is divided into smaller and equal sections. 
With this, the basic calculation model is improved and 
other parameters can be tested. Based on the improved 
calculation, the recuperator parameters are determined in 
the case when enriched air is used for the combustion in 
the kiln. 

The use of the developed model is not limited only 
to this kiln and it can be used for other cylindrical 
surfaces. 
 

7. MASS AND ENERGY BALANCE OF THE 
KILN SUPPLIED WITH ENRICHED AIR 

 
At the kiln for dolomite calcination, measurements 

are carried in case where enriched air is used for 
combustion. The equivalent or additional enrichment is 
used for the air enriching. In this case, equivalent 
enrichment is used in the range of 21.5% to 23%, with the 
step of 0.5%. The determined results are shown in the 
tables below. 

 

Таble 7.1 Mass balance of the kiln with different 
percentages of enriched air. 
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Таble 7.2 Energy balance of the kiln with different percentages of enriched air. 

 
 
 

Table 7.3 Fuel saves by the use of the recuperator with different percentages of enriched air  
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Figure 7.1 Heat balance of the entire kiln and calcination zone with different percentages of oxygen 

 

 
8. RESULTS  

The measured values of the temperature on the 
mantle of the kiln at various percentages of oxygen are 
approximated with the polynomial function of the fifth 
degree: 

 
 (8.1) 

 
Table 8.1 Polynomial functions of temperature. 

 
 

 

Table 8.2. The mass flow rate of air entering the 
recuperator at various percentages of oxygen (half of the 

total mass flow rate) 
О2 (%) 21 21.5 22 22.5 23 

  

(kg/s) 
1.6894 1.6213 1.5844 1.5492 1.5155 

 
Figure 8.1 shows the recuperator diameters at 

various percentages of enrichment. 
 
 
 
 
 
 

 

 
Figure 8.1. The diameters of the recuperator with different percentages of oxygen in the air 
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9. CONCLUSION 

With the increase of oxygen in the air for 
combustion, the temperatures at the mantle of the kiln and 
the heat loss due to external cooling increase. This loss of 
heat is recycled through the recuperator, which changes 
dimensions according to the different enrichment of the 
air. The heat recuperation is carried in the calcination zone 
where the temperatures are highest. 

The diameter of the recuperator decreases with the 
increase of oxygen in the air. Figure 8.1 shows that the 
mathematical model cannot be applied for further 
enrichment (over 23% of oxygen). In the case that 
enriched air has 23% of oxygen, the diameter of the 
recuperator, per value, is very close to the diameter of the 
kiln. The diameter of the kiln is 2.8m, but for the smooth 
functioning the smallest diameter of the recuperator is 
2.83m. 
 For the enrichment of over 23% of oxygen, the 
recuperator cannot be applied and it is necessary to 
consider different ways of using heat from the mantle of 
the kiln. The developed mathematical model for dimension 
determination, presented in this paper, can be applied to 
other smaller or larger kilns. 
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Needs for heating and cooling in Serbia is growing up. Existing systems in buildings and industrial processes are 
increasingly using renewable energy. To improve the competitiveness of the domestic economy, a great character given to 
improving energy efficiency. The paper analyzes the possibility of integrating technological processes with heating and 
cooling systems at the plant for production of mineral water. The aim is to improve the energy efficiency of the system both 
considered by mutual integration into a single system with the use of locally available renewable energy. Integrating is 
analyzed using a "pinch" analysis (methods of minimum temperature difference). The aim of this work is to improve the 
model by means of the acquisition of physical parameters and influence the process of exchanging heat of warm and cold 
currents were optimal energy-saving energy. The first part represents the composite and the cumulative curve in the case of 
an industrial process, and determines the state of the necessary energy in the summer and winter period and of the 
technological HVAC systems. The second part shows the variable pinch point in the summer and winter periods on the 
basis of changes in ambient temperature and technological process. Possibility of year-long use of geothermal heat pumps 
and geothermal energy. 

Keywords: Heat Exchanger Networks, Methods of minimum temperature difference, Pinch 

1. INTRODUCTION 
Reducing production costs is one way of improving the 
competitiveness of the product (or company). In the sphere 
of energy, reducing production costs is reflected in the 
reduction of energy costs. These costs reduced by 
improving the energy efficiency of the production process. 
As a rule, improving energy efficiency was followed by a 
decrease in the emission of pollutants into the 
environment.  
The company, whose manufacturing processes followed a 
large number of technological flows which can heat and 
cool, at the same time to improve energy efficiency flows 
associated heat exchangers. The goal is to maximize heat 
dissipation, which is subtracted from the streams that are 
cooled from streams which are heated. Maximizing heat 
exchange within the company as a result has a minimum 
consumption of energy for heating and cooling.  
Pinch analysis of 80s [1,2] of the last century are used for 
optimal connection of production streams, which are at the 
same time heated and cooled. This method was the first 
applied in the petrochemical industry. According to this 
method, all flows in the company, all of streams who are 
heated, are seen as the cold streams and contrary, all the 
streams that are cooled are seen as warm streams.  
The problem boils down to maximizing the exchange of 
heat between these two streams. This method is applied 
liberally and prosper so that it begins used for optimum 
energy mutual connectivity and more companies [3]. 
Papers [4,5] provide an overview of the latest 
developments in the field of integration of production 
processes. Into the Serbia there is great potential for 
thermal integration of production processes to improve 
energy efficiency in the food industry, in dairies, 
manufacturer of alcoholic and non-alcoholic beverages 
and food products. On the other hand, relatively large 
variations in ambient temperature requires heating and 

cooling of the administrative area of the companies as well 
as some production facilities to fulfill the prescribed 
conditions employee benefits. 
The aim of this paper is that in the case of one company 
replied that it is possible to improve energy efficiency: 

• better integration of the production process, 
• integration of production processes of heating and 

cooling production and administrative space, 
• integration of the production process and space 

for heating and cooling with geothermal heat 
resource available at the location of the test 
company. 

Renewable energy should be a link that connects 
manufacturing and process of the heating and cooling into 
factory space and for providing: heat for heating, heat sink 
for cooling and heat accumulators. 
By integrating all three links optimizes not the only the 
manufacturing process but he links in unbreakable whole 
with the natural environment in which it is located. 
In this paper, are integrated production process, a process 
of heating and air-conditioning systems and geothermal 
energy in company "Knjaz Miloš" in Aranđelovac. 
The aim is the creation of optimal energy system at the 
plant, which will operate efficiently throughout the year. 
Therefore, it is tracked the changes of critical point (pinch) 
per annum and the paper defines a new concept: the 
dynamic (variable in time) pinch. 
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Simplified process diagram of the investigated “Knjaz 
Miloš” company, where: 1 is 7 km long uninsulated 
underground piping that connects a mineral water spring 
and the company, 2 – reverse osmosis with the mineral 
water accumulation tank, 3 – 1st stage of the mineral water 
cooling, 4 – PET hall (production hall), 5 – production line 
for PET bottles filling with the mineral water, 6- 
production line for glass bottles filling with the mineral 
water, 7 –energy drink production, 8 – molasses and juice 
production, 9 – 2nd stage of mineral water cooling 
(immediately before CO2 absorption), 10 – 2nd stage of 
mineral water cooling, 11 – Air handling unit of the air 
conditioning system for the PET hall, 12 – warehouse, 13 
– hot water fan coil system for the heating of warehouse, 
14 – heat exchanger (steam/hot water), 15 – 3 steam 
natural-gas-fired boilers in the boiler room, 16- make up 
water, 17 – base exchange softening, 18 –condensate 
return, 19 – boiler feed tank, 20 – condensate tank, 21 – 
steam header, 22 – CIP washing, 23 – domestic hot water, 
24 – branch towards the part of the company that is 
excluded from the analysis. 
 
 

2. MODELING 
 

Composite curve shows which is the minimum amount of 
energy necessary to take from the streams to be cooled and 
supplied to the flows that are heated, as well as the 
minimum temperatures heated fluid necessary in order to 
achieve the given heating and cooling of technological 
process. In the analysis of Pinch-a had been used 
assumption that is minimum temperature difference in the 
heat exchangers . The analysis shows that is: 
The critical temperature of the process at ambient 
temperature in the summer 36°C. This means that if there 
is a heat exchange with heat pump, streams that is 
simultaneously cooled and heated in the industry, heat 
pump (or heat pump system) has to take the heat below 
and above the critical temperature surrender.  
 
As can be seen from the diagram composite blame a lot of 
power, which is below the Pinch-a - it is necessary to cool, 
while a small part of above of Pinch and need to be heated 
to the high temperatures. So, the problem is where to 

submit this excess heat. Project solutions, with acquisition 
of variable Pinch-in a given time points and influencing 
exchange process heat and cooling energy, it is possible to 
make a "stream networks" with as more even distribution 
of energy. When we say "stream networks" primarily 
refers to the optimal power flow heat exchanger and 
appropriate automatisation of streams that flows. 
temperature and fluid flow participating in the heat 
exchange. There are two conditions in an industrial plant 
that must comply with the following: 
 

• Technological process 
• Specify conditions in HVAC (internal design 

conditions HVAC) 
Any change of Pinch and the impact on the process of heat 
exchange, must meet the above two conditions, and to 
there by achieve energy saving with constantly monitoring 
theory Pinch and that: 
 
Do not use cold side above the Pinch 
Do not use hot side below the Pinch  
Do not use heat transfer through the point Pinch  
 
For stacking flows, there are the following two rules: In 
the section above the Pinch, the number of warm streams 
(including their branches) should be smaller or equal to 
cold flow (including their branches), such that: 
 
   (above Pinch)                                                                                                                           
 
Otherwise, the flow separation is necessary to provide full 
given condition. 

Similarly, the area under the Pinch-a is an inverse 
inequality  

 
 (under Pinch)               

                                                                                                            
For the part above the Pinch-a warm stream (or branch of 
warm streams) should be less than or at least equal to that 
cold streams (or branch cold flow) should correspond, so 
that: 

 
( under Pinch) 

         
For part of the area under the Pinch, reign inverted 
inequality, 
 

( under Pinch)      
          

2.1.  The basis for defining dynamical Pinch 
 
The input data for the algorithm:  
 

• Initial (supply) temperatures,  
• Final (target) temperatures,  
• Heat capacity flow rates,  
• Minimum temperature difference 

 
Value of output sizes are: 
 

• Temperature,  
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• Heat flow at pinch. 
 
The following shows an algorithm for the determination of 
dynamic Pinch. 
 

 
 

Figure 1: Algorithm Dynamic Pinch 

 

2.2. Composite curve and Grand composite curve summer 

 
Figure 2: Composite curve (summer period) 

 

 
 

Figure 3: Grand Composite curve (summer period) 
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Figure 4. Grand Composite curve. Changing the air 
temperature in the Company data into the function:  

Tts(1,1)=29.63+6.9•sin(2•π•T (k1)/Tk) 
 

Watching the air condition part into the part off Company, 
the production hall has largest dissipation of heat from the 
production process. Also, had to had taken into 
consideration the heat gain in the summer. The sum of two 
sources is the total energy cooling balancing in the 
summer. The internal temperature and humidity in the 
room must not exceed the values that disrupts the basic 
environmental conditions for people. However, if it is 
simulating temperature changes, and thus the consumption 
of the cooling capacity of the constant value of the heat 
capacity of the stream gives the following parameters and 
the cumulative composite curve. 
Changing of the temperature of air in Company may be 
simulated with a sinus function: 
 
Tts(1,1)=29.63+6.9•sin(2•pi•T(k1)/Tk) 
Tts=[29.63 13.8; 31.6 5; 36 28; 26 16; 36 21] 
 

 
Figure 5. Composite curve. Temperature changes in 
HVAC area:  Tts(1,1)=29.63+6.9•sin(2•π•T (k1)/Tk) 

 

 
Figure 6. Grand Composite curve. Start point - and point 

temperature changes in HVAC area :  
Tts(1,1)=29.63+6.9•sin(2•π•T (k1)/Tk) i 

Tts(1,2)=13.8+6.9•sin(2•pi•T (k1)/Tk) 
 

Regardless of the change in start points, and  end 
points temperature of air in the installation of air 
conditioning, Pinch point is not moved. Its scroll occurred 
only when the air temperature is higher than the ambient 
temperature. 

From the cumulative curves can be seen requisite 
for cooling capacity below Pinch.  

 
Refrigeration consumption decreases and increases 

with temperature differential. The daily temperature 
fluctuations depends on two factors: 

• External temperature in the summer 
during 24h and, 

• dissipating heat heating machines in the 
plant. 

 
In any case, the temperature changes are visible, 

except concerning individual monitoring does not lead to 
crucial changes. This is important for the HVAC system 
precisely, flow manage of cooling energy as an option for 
the volumetric flow of fresh air and circulating air in the 
cooling unit through a closed system of automatic control. 

 
On further analysis, we can determine whether 

HVAC affects the overall energy picture into Company. 
Which model can be turned to the optimum distribution of 
cooling and thermal energy. Perceive coupling HVAC and 
technological processes. 
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Dynamic Pinch Analysis  

It is particularly interesting to see changes into 
slope of cumulative and composite curves, by the change 
of fluid flow into the Company.  

Daily fluctuations in energy and energy state of the 
productions of mineral water (to market products related 
industries, changes in climate on a daily basis, seasonal 
and annual, of discomfort that does not include a variety of 
design solutions, and enter the sum of energy, etc.). 

By measuring accurately predicted parameters of 
temperature and flow measurement of all fluids, which are 
the main carriers of energy at any time we can gain picture 
in  a realistic time where and when changes occur Pinch. 

When it identifies changes of the Pinch and 
changes in the slope of composite and cumulative guilty in 
the industry, it can be promptly affect onto the streams 
flows and redirect energy exchange in a way that requires 
a theory Pinch-a. 

Furthermore, it is interesting to observe the 
mathematical parameters of a real change of current flows 
of technological processes. It is noteworthy that the flow 
of heat capacity in certain areas of technological processes 
may be changing for several reasons. 

The first reason of the changes of the masses flow 
of water from the water resources of the ground, as well as 
the temperature that is at the beginning of the process and 
at the end of the process is in the fact that during the 
process of manufacturing a need for production capacity is 
changing. This can be justified by market needs during the 
production cycle. The second component, the temperature, 
changes throughout the day and seasons depending on the 
time of year. Transporting fluid in the piping may be 
exposed to natural (weather conditions, etc.). Chillers, 
active cooling in the industry, not stationary process. 
Unsteadiness cause various disorders in the work. Each 
disorder leads to temperature changes in the fluid. 

This is a prelude to further analysis which will 
show changes in the energy state of working fluid, which 
mainly affects the overall thermal and cooling 
consumption. 

According to the parameters given in practice and 
samples of the particular case, we can say with certainty 
that in the installation can be applied višestepni transfer of 
heat and cooling energy, all depending on the current 
energy situation of the Company.  

 
Here are primarily think on the optimization of the 

cooling towers, air - water heat pumps , water-water 
geothermal heat pumps, gas-turbine power-plants, solar 
collectors, etc.. 
Now let's introduce changes in the equation initial and 
final temperature of mineral water, but leave out change 
the temperature in HVAC. 
 
Tts=[29.63 13.8; 31.6 5; 36 28; 26 16; 36 21]; 
%Tts(1,1)=29.63+6.9•sin(2•π•T(k1)/Tk) 
%Tts(1,2)=13.8+6.9•sin(2•π•T(k1)/Tk) 
Tts(2,1)=31.6+10•sin(2•π•T(k1)/Tk)) 
Tts(2,2)=7+2•sin(2•π•T(k1)/Tk) 

Here we show only a change Pinch-and without 
changes in temperature due to the volume of data.  

It is easy with a particular programming language 
to get the value of addressing the above equations to the 
appropriate place.  

From this we can conclude that the value of the 
Pinch-a changed when the temperature of mineral water 
has reached a value greater than ambient temperature. This 
means that for the installation of the factory, now the 
temperature of the Pinch-not determined ambient 
temperature (outside air temperature at a given time). This 
can be attributed to exposures of the sunrays to the energy 
pipelines, directly. Indirect exchange of  solar energy 
radiated on the outer piping, leads to increase in 
temperatures mineral water above the critical temperature 
of the environment, ie. its daily peak.  

 
Figure 7. Composite curve. Temperature changes 

in mineral water process: 
 
 Tts(2,1)=31.6+10•sin(2•π•T(k1)/Tk) 

                                                   
Tts(2,2)=7+2•sin(2•π•T(k1)/Tk) 
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Figure 8. Grand Composite curve. Temperature 

changes in mineral water process: 
 
 Tts(2,1)=31.6+10•sin(2•π•T(k1)/Tk) 

                                                   
Tts(2,2)=7+2•sin(2•π•T(k1)/Tk) 

 

 
 
Figure 9. Grand Composite curve. Temperature 

changes in mineral water process and HVAC area: 
 
 

Tts=[29.63 13.8; 31.6 5; 36 28; 26 16; 36 21]; 
Tts(1,1)=29.63+6.9•sin(2•π•T(k1)/Tk) 
Tts(1,2)=13.8+6.9•sin(2•π•T(k1)/Tk) 
Tts(2,1)=31.6+10•sin(2•π•T(k1)/Tk)) 
Tts(2,2)=7+2•sin(2•π•T(k1)/Tk) 
 

3. DYNAMIC WINTER PINCH 

 
Figure 10. Composite curve winter.  
Tts(1,1)=20+5•sin(2•π•T(k1)/Tk) 

 
Figure 11. Grand Composite curve winter. 
Tts(1,1)=20+5•sin(2•π•T(k1)/Tk) 
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Dynamic Pinch Analysis  

Temperature changes in the technological process 
significantly affects the temperature change Pinch-a. 
Flows which are cooled, with warm stream in the winter 
significantly affect on change Pinch.  

From the diagram of the composite curve ratio of 
heat and cooling consumption is far better that is not a 
huge difference between the flows that are heated and 
cooled by. The diagram shows that the percentage of 
energy that is required to be deducted by the cold currents 
and to surrender to the other side of the warm stream is 
more evenly distributed. 

Naturally, needs for heating in winter is greater, 
especially when it cools and warms at the same time. 

Here we see that at lower temperatures from 3˚C to 
52˚C needs for cooling and heating is 1.395,00kW, of the 
total heat capacity 1,515.00 kW at a temperature of 
113,4˚C. 

Therefore, the need for heating at low temperatures 
(which corresponds to the temperatures of the heat pump 
water/water), indicates that it may be fulfilled with ~ 92% 
share of the heat consumption. 

However, it is important to look variables 
temperature Pinch-a that match active compressor cooling 
or passive evaporative cooling system - use of energy of 
the environment in the process of cooling in the winter. 

 
Here the question is, when and how much is needed 

to activate the passive cooling system in relation to the 
active system cooling of the compressor and activating 
another energy source for heating plant and production 
process. 

The most important thing is to determine the 
system and take the control to him that would not arise 
inverse processes above or below the pinch-and during 
work process. 

It should show slope of the composite and 
cumulative curve for different load cases. 

Make mathematical dependence and optimize 
process. 

Further analysis will show all the possible variables 
in the process. 

With the given mathematical model is necessary to 
determine the energy situation in the system which would 
be a starting point for possible monitoring and 
automatisation cycle in operation, with a greater energy 
savings. 
In addition, the technological process during the 
production process changes the mass flow of the filling 
line. Flows that are cooled (cold current). The data 
changes can be summarized by the following equations: 
 
dTmin=4; 
 
Flows that heat (cold stream) 
 
Ths=[10 111.38; 36 111.38; 10 40; 10 70; 10 45; 10 80; 40 
50; -12.1 18; ]; 
CPHs=[0.64 0.992 1.617 0.24 1.16 0.509 117.43 9.95 ]';  
 

%Heat Capacity flowrate [kW/K] 
 
Flows that are cooled (thermals): 
 
Tts=[20 5;]; 
Tts(1,1)=20+5·sin(2•π•T(k1)/Tk); 
 %Tts(1,2)=8+3·sin(2•π•T(k1)/Tk) 
 CPTs=[58]'; %Heat Capacity flowrate [kW/K]     
 CPTs(1)=58+35·sin(2•π•T(k1)/Tk) 
 
Move of phase in heating and cooling technological 
process and the external temperature: 

 
Tts(1,1)=20+5•sin(2•π•T(k1)/Tk -2); 
Tts(1,2)=8+3•sin(2•π•T(k1)/Tk -2); 
Ths(8,1)=-5+7.1•sin(2•π•T(k1)/Tk +3) 
 
Diagrams of the phase shifted in heating and 
cooling:

 
Figure 12. Composite curve with phase change 

winter. 
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Figure 13. Grand Composite curve with phase 

change winter. 
 









⋅⋅⋅=

0

2sin
τ
τπθθ AmA

  
Where was given: 

Aθ - temperature changes; 

Amθ  - the amplitude of the temperature changes; 
τ  - time; 

0τ  - time temperature periods; 
 

4. CONCLUSIONS 
 
To determine the critical temperature for the use of 
different heating and cooling in the winter, so 
continuous monitoring of the temperature of the Pinch, 
of the environment (air and water), then the value of 
the heat and refrigerant of consumption through the 
tangens of the angle of inclination of hot and cold 
currents, and its absolute value. 
Let consider a given data point Pinch-a.  
The range in this case is 13,45˚C - 22.9˚C. That are 
physical size which are showen earlier in the winter 
period represented cumulative and composite curve. 
When using a heat pump water-water, with a constant 
temperature water source out of the ground 
(considered to be a very small change in the 
temperature of the groundwater as compared to 
temperature changes) can be taken following relation: 

 - energy 

used for first degree of cooling (energy groundwater in 
an open system heat pump water to 
water).

  
uses the energy of the second degree of cooling (energy 
from the air "passive cooling" air system - glycol). The 
coefficient depends on the characteristics of the air  
exchangers - glycol and the setpoint temperature Tt 
extreme temperature processes. 
If the ambient temperature equalizing with  , the 
process should been stop and moves on I level cooling. 

It is important to note that from Figure 13 
shows that for lower temperature of the Pinch 
temperature of groundwater ~ 15 °C, needs for cooling 
process is minimal, precisely between 200kW and 
300kW, a heating demand is much greater than 
1200kW to 1400kW at lower temperatures up to 52°C. 

 
Using the second degree of cooling is favorable 

because it reduces the power consumption of the 
compressor. For the practical needs of small cooling 
capacity better uses passive cooling, while for heating 
and other conventional heat, use such as gas. 

 
Pinch point tracking paving the way for redirecting of 
the stream fluid, their measuring, switching on and off 
of the energy systems and monitoring energy 
consumption at any given time. 
 

REFERENCES 
 

[1] Linnhoff B, Mason DR, Wardle I (1979) 
Understanding heat exchangernetworks. Comp Chem Eng 
3:295–302 
[2] Kemp I C, Pinch Analysis and Process Integration, 2nd 
edition, Elsevier, Amsterdam, London, New York, 2007, 
415 p. 
[3] C.L. Chang, X.L. Chen, Y.F. Wang, X. Feng, An 
efficient optimization algorithm for waste heat integration 
using a heat recovery loop between two plants, Appl. 
Therm. Eng. 105 (2016), pp. 799-821 
[4] Editorial board, New developments in Heat Integration 
and intensification, including Total Site, waste-to-energy, 
supply chains and fundamental concepts, Applied Thermal 
Engineering 61 (2013), pp. 1-6 
[5] Editorial, board, Recent developments in applied 
thermal engineering: Process integration, heat exchangers, 
enhanced heat transfer, solar thermal energy, combustion 
and high temperature processes and thermal process 
modelling, Applied Thermal Engineering 105 (2016), pp. 
755-762 

 

F.44



IX International Conference “Heavy Machinery-HM 2017”, Zlatibor, 28 June – 1 July 2017,  F.45 – F.50 

*Corresponding author: Nikola Kostić1: Radoja Krstića 19, 37240 Trstenik,  nikola.kostic@vtmsts.edu.rs 

Selection of the Optimal Route of Transportation – a Case Study of 
Transport of Municipal Waste in the Municipality of Trstenik 

Nikola Kostić1*, Milomir Mijatović1, Saša Babić1, Branimir Milosavljević1, Zvonko Petrović1 
1College of Applied Professional Mechanical Studies/ University of Kragujevac, Trstenik (Serbia) 

 

In the last 20 years with the help of information technology and changes in transport contributed to more dynamic 
life of people and became the most important link in the logistics chain. Collection of municipal waste is one of the most 
complex operational problems in all cities of the world. For economic reasons, the municipal transport WASTE should 
have the optimum route of transportation. 

Using appropriate methods and mathematical models in the work of the selected optimum route for transporting 
municipal waste Trstenik municipality. First defined input data transmission problems ie. mathematical model of the 
transport problem. A couple of methods for obtaining optimal alignment TRNSPORT a method of Chinese postman 
obtained optimal route of transportation. 

Keywords: Optimal transport, Chinese postman, Routing vehicles
1. INTRODUCTION 

In the EU countries each year creates about 4 tons 
of waste per citizen, while a third of all the resources ends 
up as waste and emissions. Due to the large quantity and 
the harmfulness to the environment, waste is considered to 
be one of the most important environmental problems of 
the modern world. Under municipal waste we consider 
wastes from household (domestic waste), as well as other 
waste which, because of their nature and composition is 
similar to household waste (commercial waste), and waste 
that is collected from a certain territorial unit, usually of 
the municipality. The largest part of municipal waste in the 
EU is still disposed of in landfills, but are increasingly 
recycled or incinerated with energy production [1]. 
 Within the framework of regulations and planning 
documents of the EU, waste reduction is more and more 
promote, which would result in the reduction of waste at 
the source. There is, however, a significant difference in 
the application of this principle in EU member states. The 
percentage of recycling wastes is of from 10 to 65%, and 
the percentage of disposal of municipal waste from 10% to 
90%. The principle of reducing the amount of waste 
includes initiatives for the introduction of cleaner 
technology and comprehensive campaign to raise public 
awareness among the population. The EU policy on waste 
emphasizes the development of measures such as: 

• promoting cleaner production; 
• removal of hazardous waste characteristics 

treatment; 
• establish technical standards to limit the content 

of certain hazardous substances in products; 
• promoting reuse and recycling of waste; 
• application of the economic instruments; 
• analysis of the product life cycle; 
• developing a system of eco-labeling [2]. 

 The waste management hierarchy Figure 1 is a 
strategy that ranks management options in accordance 
with its environmental advantages, and in accordance with 
the framework directive on waste (Directive 2008/98/EC)  
 

 
Figure 1. The hierarchy of waste management [3] 

 
 Collection and removal of waste is a difficult and 
complex task. Waste occurs in every household, shopping 
center and industrial plants, as well as on the street, the 
park, even on free surfaces. It is a known fact that the 
process of collection and waste disposal is an expensive 
operation in the whole system of handling waste, and if we 
take into account the fact that the total amount of waste 
increases, the logistics of collecting is becoming 
increasingly complex. Although these problems existed 
before, they are now becoming more critical due to the 
high cost of fuel and labor. This fact is very important 
because only small improvements in the collection 
operation may result in significant savings in total costs. 

2. VEHICLE ROUTING PROBLEM (CLASS OF 
PROBLEMS) 

Vehicle Routing Problem (VRP) is the name for a 
whole class of problems that require optimum trajectory to 
the vehicle circled the given number of cities starting from 
the central warehouse. Under optimal path is the one that 
has the lowest cost of transport between cities. The 
concept vehicle routing problem occurs at the end of the 
50s of the 20th century as a central problem in the 
transportation, distribution and logistics companies. In 
some industries, a large percentage of the product price 
goes to transportation costs, and optimizing their total cost 
of the product can be reduced from 5% to 20% [4]. 
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 Generalized definition of the problem of routing 
of the vehicle (PRV) is restricted in practice additional 
requirements such that the PRV can be classified in 
several classes [4]: 

• The vehicles have a limited capacity (eng. 
Capacitated VRP - CVPR) 

• Clients should be served in a given time period 
(eng. VRP with Time Windows - VRPTW) 

• The vehicle can be used to supply several 
warehouses (eng. Multiple Depot VRP - 
MDVRP) 

• The customer can return a certain amount of 
goods in the warehouse (eng. VRP with Pick-Up 
and Delivering - VRPPD) 

• The client can be provided by a number of 
vehicles (eng. Split Delivery VRP - SDVRP) 

• Some of the values (the number of customer 
requirements, the time of supply) are random 
variables (eng. Stochastic VRP - GORD) 

• Delivery can take a few days (eng. Periodic VRP 
- PVRP) 

The above-mentioned models have a vehicle 
routing application in the collection of goods at each node 
of the graph, but not along the branch. Since the collection 
of municipal waste is carried along each branch is 
necessary to apply other models, including the simplest 
solution as '' Chinese postman problem ''. 

3. TRANSPORTATION OF MUNICIPAL WASTE 
The collection of municipal waste is one of the 

most complex operational problems encountered by local 
authorities in all cities of the world. One of the most 
important segment of the collection process in which can 
be made a significant improvement is the transport. The 
approach to the analysis and the importance of transport in 
logistical support, it is necessary to examine some of its 
essential elements: transport network, transport capacity, 
transport costs etc. In the transport process, the most 
important item of each company are the costs ie. lower 
costs with the involvement of a small number of vehicles 
and people. Due to its stochastic character, routes 
optimization process and scheduling of vehicles is one of 
the most complex problems of transport municipal waste. 

In order to perform routing of waste collection 
vehicles, it is necessary to know the incoming data on the 
amount of waste to be collected by branches of the 
transport network, and the number and capacity of 
vehicles that the company has at its disposal. Today there 
are a number of models for solving problems routing 
vehicle depending on the complexity of the transport 
process. As vehicles for garbage collection must go to all 
branches of the transport network, the problem boils down 
to the " Chinese postman problem" as the simplest case of 
vehicle routing problem. 

4. CHINESE POSTMAN PROBLEM 

Chinese postman problem and Euler graph were 
created in the first half of the 18th century, when the 
question arose: "How to pass all seven bridges that 
connect the shores of two rivers in Keninzberg so that each 
bridge passes exactly once, and then to return to home 
point. The original problem is shown in Figure 2. Euler 
route is a route that passes from each branch of the graph 

G, which means that every field contains exactly one, and 
it was closed. Graph G has Euler graph if there is existing 
routes Euler [5]. 
 The case of "Seven Keninzberg bridges" can not 
be resolved because there is no closed Euler route. Related 
Euler graph is one in which all nodes are even degrees. 
The level of the node is determined by the number of 
branches that connect it with other nodes of the graph. 
Connected graph is one in which, for each of the two 
nodes in the graph, there is a path from one node to 
another. Suppose a postman delivering mail in one part of 
the city (area). Postman has the task to visit all streets in 
the area at least once. Visiting all the streets can happen in 
several ways. This raises the problem of optimization, 
which way postman use to deliver the letter, and be as 
successful as possible. In other words, which route should 
postman use to visit the area and to visit every street at 
least once and to exceeds the less distance and return to 
the same place where he started. Chinese postman problem 
may relate to various field of work such as routing 
vehicles for street cleaning, waste collection and other 
municipal services, such as services for snow removal, 
etc... 

 
 

 
Figure 2. The problem of seven Keninzberg bridges 

 For the undirected graph G=(N, A) where the 
length of the branch are d(i, j)> 0, (i, j, A) problem of the 
Chinese postman can be defined as follows: 
 

∑sij * d(i, j) → min    , (i, j) ∈ A,                (1) 
 
where the sij - the number of branch passage. 

 If the Euler graph solves the Chinese postman 
problem, it can be concluded that the solution is trivial 
because it represents Euler route. The sum of length of 
arcs is the length of path that the postman should be 
transferred because he will visit all arcs only once and 
return to the initial node. If the graph is not Euler's then 
postman should visit some of the branches several times. 
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Optimization problem consists in determining which 
branches postman has to visit more than once, to ends his 
route with a minimum distance traveled. 
 There are three different graph shown in Figure 3. 
Finding Euler routes can be identified with the attempt of 
drawing a graph in one stroke without lifting the pen from 
the paper. For the first graph in Figure 3 (labeled 1) can 
not find the order of drawing of branches in a single stroke 
without lifting the pen from the paper. It can be concluded 
that this graph is not Euler's graph. 

 
Figure 3. Three test graph Euler route 

 For the second graph in Figure 3, it is possible to 
draw all branches in a single stroke without lifting the pen 
from the paper, but the beginning and end of the drawing 
are never the same point, so this graph is not Euler's graph 
neither. 
 For the third graph of Figure 3, it is possible to 
draw all the branches in a single stroke without lifting the 
pen from the paper, so it is an Euler's graph. From Table 1 
we can see that all nodes of the third graph are even level 
degrees, so it is possible to find an Euler route [5]. 

Table 1. Degrees of nodes from graphs in Figure 8 
Degre
es of 
graf 1 

Node 
degre

e 

Degre
es of 
graf 2 

Node 
degre

e 

Degre
es of 
graf 3 

Node 
degree 

A 3 A 3 A 4 
B 3 B 4 B 4 
C 3 C 4 C 4 
D 3 D 3 D 4 
  E 2 E 2 
    F 2 

 In graph 2, Figure 3, it is possible to make a Euler 
path, but not the route. The difference betwen the route 
and the track is that the track have different start and finish 
node. To solve the problem of Chinese postman adding 
branches, we assume that the graph where the postman 
should distribute mail is shown in Figure 4a. The branch 
corresponds to the street where the mail is distributed in 
mailboxes and the node is a place where the postman can 
change direction and move in a new street that is linked to 
the previous one. The postman has to go through every 
street with the least possible distance traveled. Some 
streets must pass multiple times because the graph is not 
Euler's. 

 

 
Figure 4. Adding artificial branches in order to form the 

Euler graph 

 To determine the shortest route it should be taken 
into account the parameters (length or time required to 
pass the streets) and thus we obtain a weighted graph. A 
weighted graph is a pair (G, ω), where G is - graph, and ω 
- a function that each branch e from the G joins the non-
negative number ω (s). The value of ω (e) is called the 
weight of the branches e. To solve the problem of Chinese 
postman on a graph that is not Euler's, it is necessary to 
expand the existing graph by adding new branches. The 
objective of adding these new, artificial branches, is that 
the degree of each node leads to an even number. Thus, 
the graph of Figure 4a. was transformed into a new graph 
of Figure 4b. which Euler's and which has Euler trail. 
 If the postman use path on the graph that is not 
Euler's and wants to returned to the starting node from 
which the journey began, it is necessary to insert new 
branches between individual nodes. Number of newly 
installed branch between two nodes corresponding to the 
number of repeated passes through the original branch 
between the two nodes. Each new inserted branch is used 
for counting passes through the original branch, and this 
branch is called "artificial". Artificial branches connecting 
the nodes of odd degree. If we have two such nodes in the 
graph, it is possible to connect only one way. Figure 5 
shows the various possible ways of pairing nodes of odd 
degree in order to obtain the graph Euler 
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Figure 5. The possible pairing of graph with the 4 odd 

node 

 For six nodes ABCDEF odd degree, node A can 
be linked to the other five, and the remaining four can be 
connected in three ways. So, for six nodes of odd degree 
can be 5 x 3 x 1 connection methods. Similar 
considerations can be carried out for eight or more nodes 
of an odd degree, Table 2. 

Table 2. Template of connecting nodes of odd degree 
The number of nodes 

of odd degree 
The number of connecting 

pairs of nodes 
2 1 
4 3 x 1 
6 5 x 3 x 1 
8 7 x 5 x 3 x 1 
10 9 x 7 x 5 x 3 x 1 
n (n-1) x (n-3) x (n-5) x…x 1 

 To find the routes with minimum total length it is 
necessary to use an algorithm which, in the case that the 
graph is not Euler's, will insert artificial branches in the 
best possible way. The steps required to solve the problem 
of Chinese postman at no deflection graph are shown in 
the algorithm. 
 Algorithm: An algorithm for solving the problem 
Chinese postman: 
 

• Count all nodes of odd degree 
• Count all possible pairs of nodes connecting an 

odd degree 
• Find connect nodes with the lowest weight of 

artificial branches 
• In the original graph add connectivity with 

minimum weight 
The total weight of the route is the sum of the 

weights of all the branches of the graph. 

5. EXAMPLE OF ROUTING VEHICLES FOR THE 
COLLECTION OF MUNICIPAL WASTE IN THE CITY 
OF TRSTENIK SLOVING THE PROBLEM CHINESE 

POSTMAN 
Public communal company JKSP "Komstan" 

Trstenik holds 5 waste collection vehicles with the 
following capacity: 

• Trash truck FAP 26-28, with a capacity of 10,6 t 
• Trash truck FAP 19-21, with a capacity of 8,6 t 
• Trash truck SKANIA VABIS-G-820, with a 

capacity of 4,8 t 
• Trash truck FAP 12-13, load of 4,1 t 
• Trash truck FAP 14-18, capacity 3,5 t 

All vehicles are engaged in collection and 
removal of waste from the territory of the city. Figure 6 
shows the network of streets which the waste collection 
vehicles pass, and Figure 7 shows a simplified view, with 
distances between network nodes. 

 
Figure 6. The network of streets in the Trstenik town 

 
Figure 7. The transport network of the city Trstenika 

 All nodes are counted and their values of vertex 
degrees are given in Table 3. Based on the foregoing table 
the Euler's graph can be formed. 

Table 3. The levels of the nodes of the transport network 
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1 2 9 4 17 3 25 3 
2 4 10 3 18 3 26 3 
3 3 11 4 19 4 27 3 
4 2 12 4 20 3 28 4 
5 4 13 3 21 3 29 3 
6 3 14 3 22 3 30 3 
7 2 15 4 23 3 31 2 
8 3 16 3 24 3 32 4 

 Because the base can be considered as a block, 
there are 20 nodes with an odd degree, which can be 
connected to 654,729,075 ways. Due to the very large 
number of possible pairing a simple algorithm has been 
applying for pairing nodes with odd degree: 
 Step 1. Start from the first network node, which 
has odd degree, and match it with the next closest adjacent 
node, which has an odd degree. In other words, connecting 
to the neighboring nodes that are closest to one another, 
starting from the first network node with an odd degree. 
 Step 2. Repeat step 1 until there are odd nodes on 
the network. 
 The described algorithm may not provide optimal 
pairing, but it will give enough good solution for a 
reasonable time and in a simple way. Adding branches, in 
the form of arcs, is shown in Figure 8. This gives a 
transport network, having a Euler's route, and the route for 
waste collection vehicles can be designed. The lengths of 
branches are given in meters. 
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Figure 8. The transport network of the city of Trstenik, 

which has Euler route 
 The amount of waste, in tons, which is necessary 
to pick up is shown in the Figure 9. This information is 
adopted in accordance with the average amount of waste 
which is necessary to pick up on the network branches. 

 
Figure 9. The amount of waste that needs to pick up at the 

branches of the transport network 

 Total amount of waste that need to be picked up 
on the transport network amounts to 26 t. The company 
has enough capacity in the form of trucks for waste 
collection. This ensures that practically there is no empty 
kilometers during transport. 
 Distribution of vehicles on work assignments, 
were obtained following routes Figure 10: 
Route 1: Base-11-7-8-5-1-2-3-4-10-9-6-3-6-2-5-9-12-8-7-
11-Base 
 Route 1 used trash truck FAP 26-28, with a 
capacity of 10,6 t. On this route, vehicle pick up a total of 
10,6 t of waste, making this vehicle utilized 100%. On this 
route, the vehicle does not collect garbage on the branch 
Base - 11. 
Route 2: Base-11-14-15-12-13-10-13-16-15-19-18-14-18-
17-11-Base 
 Route 2 used trash truck -FAP 19-21, with a 
capacity of 8,6 t. On this route, vehicle pick up a total of 
8,2 t of waste, making this vehicle utilized 95%. On this 
route,vehicle collect garbage at every branch of the 
transport network, including branch Base – 11. 
Route 3: Base-11-17-23-24-21-19-20-16-20-22-21-24-25-
28-27-23-17-11-Base 
 Route 3, used trash truck SKANIA VABIS-G-
820, with a capacity of 4,8 t. On this route vehicle 
collected a total of 4,2 t of waste, and the efficiency of the 
vehicles is 87%. On this route, the vehicle does not collect 
garbage on the branches Base - 11 - 17. 
Route 4: Base-11-17-23-27-31-32-28-29-32-30-29-30-26-
22-26-25-28-27-23-17-11-Base 
 Route 4 used trash vehicle FAP-14-18, with a 
capacity of 3,5 t. On this route, vehicle pick up a total of 3 
t of waste, but the efficiency of the vehicles is 86%. On 
this route, the vehicle does not collect garbage on the 
branches Base – 11 – 17 – 23 - 27. 

 

 
Figure 10. Routes for transportation of municipal waste 

 
 Solving the Chinese postman problem the shortest 

routes for the collection and transportation of municipal 
waste are identified, which have achieved significant cost 
savings for the company. Based on the obtained solutions, 
company took four of five vehicles at its disposal, thus 
reducing the number of workers to collect waste. 

6. CONCLUSION 
Due to the large quantity and the harmfulness to 

the environment, waste is considered to be one of the most 
important environmental problems of the modern world. 
Waste generation is the result of the overall economic 
activity of each country. Continuous growth of urban 
settlements and changes in the structure of the needs of 
citizens are increasingly exacerbating the problem of 
waste. Increasing the amount of packaged goods and 
packaging, increases the amount of waste. The amount of 
twaste is growing, because it increases the demand for 
food and goods for prolonged use. 
 The collection of municipal waste is one of the 
most complex operational problems encountered by local 
authorities in all cities of the world. In order for companies 
to operate economically with maximum cost reduction it is 
necessary to make the proper deployment of vehicles and 
choose the optimal route. The case of the city Trstenik 
shows an example of cost saving with optimal routes, 
troubleshooting Chinese postman. 
 JKSP "Komstan" Trstenik has five waste 
collection vehicles of different capacities that were 
engaged in the collection and removal of waste from the 
territory of the city. By using appropriate algorithms a 
significant savings has been achived in the number of 
vehicles and number of workers. Using four of five 
vehicles the amount of exhaust gas, fuel consumption, as 
well as the maintenance costs of the vehicle is reducing 
with achieving the maximum effect. 

 The work of facilities for the collection and 
removal of municipal waste is of great importance, 
because municipal waste belongs to the group of 
hazardous materials and could have a major impact on the 
ecology. In the transport process, the most important item 
of each company are the costs ie. expenses as low as 
possible with the involvement of a small number of 
vehicles and people. 
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This paper deals with the problem of flow distribution at the water intake of a small hydropower plant (SHPP). The 
plant, with the capacity of 1.25 MW, has been in operation since the end of 2013. At the side intake of the SHPP an uneven 
distribution of water flow in three parallel chambers of a settling basin has been observed. This anomaly has been noticed 
during the rinse of different chambers of the settling basin. Each chamber precipitated different amounts of sand. In this 
paper, water intake is simulated using computational fluid dynamics (CFD) and a technical solution for equalizing flow in 
three chambers of the settling basin is recommended. The solution should be characterized by: minimal price, simplicity 
and the lowest possible pressure drop. 

Keywords: Small hydro, Water intake, CFD modelling
1. INTRODUCTION 

Hydropower plants have a global installed capacity 
of 1064 GW in 2015 with overall productivity of the 
electric power of 3940 TWh, which represents about 
16.6% of the total electricity production [1], [2]. On that 
basis, hydropower represents the largest source for the 
production of electricity from renewable energy sources.   

Hydropower plants are usually classified based on 
the size or installed capacity (Table 1.). 

Table 1. Classification of Hydropower by Size 
Classification Size 

Micro hydropower Up to 100 kW 

Mini hydropower Between 100 kW and 1000 
kW 

Small hydropower Between 1 MW and 10 
MW 

Medium hydropower Between 10 MW and 100 
MW 

Large hydropower Larger than 100 MW 
 

  In Serbia, the energy potential of renewable 
energy sources is estimated at 4.8 Mtoe per year, of which 
0.6 Mtoe is potential for hydropower [3], [4]. The Serbian 
hydropower potential for producing electricity is 17000 
GWh, of which 10000 GWh was used, so that the 
remaining potential for use is 7000 GWh [5]. The potential 
of small hydro power plants (up to 10 MW) at 856 
locations on rivers in Serbia, including small rivers, with 
installed capacity of 450 MW is 1,590 GWh per year [6], 
[7]. 

There are two basic types of hydro power plants: 
run of river and storage. Small hydro power plants are 
being built as a run of river power plant, in which the 
available flow of water diverted from rivers in the forebay, 
and the penstock leading to mechanical plant, which is 
located downstream. 

Different types of water intake used in hydropower 
plants to divert water from the river. Run of river type of 
small hydro used three main types of water intake: 

1) Side intake: The intake is located at the side of 
the river along one of the banks, 

2) Frontal intake: The intake faces the river flow 
sometimes even perpendicular to the flow, 

3) Bottom intake: The intake withdraws water from 
the riverbed and conveys it directly into the penstock. 

In this paper is observed a small run of the river 
hydropower plant with a lateral water intake. The installed 
capacity of this power plant is 1.25 MW. In the 
exploitation conditions, it was observed that the 
abstraction of the water over the side water intake comes 
to uneven distribution of water flow in three parallel 
chambers of the settling basin, which leads to uneven 
distribution of sediment and create resistance that leads to 
a reduction of net head. The aim of this paper is to propose 
a technical solution for equalizing flow (velocity) of water 
in the chambers of the settling basin. The solution should 
be characterized by simplicity, minimum price and the 
lowest possible pressure drop. For the simulation and 
analysis of the proposed constructional changes at the 
water intake was used computational fluid dynamics 
(CFD). A two-dimensional CFD model of the side water 
intake of small hydropower plant has been presented in 
this paper for the simulation and analysis of the various 
structural changes in order to equalize the speed in the 
chambers of the settling basin. Results of a CFD model of 
the current situation are compared with different 
construction solutions in order to find the optimal solution 
of the perceived problem. 

Similar CFD models are used in hydro Engineering 
for simulation of fluid flow and optimize the various 
structures for the abstraction or discharge of water. The 
two CFD models from [8] and [9] are interesting for the 
problem which is considered in this paper. In this study 
was used the commercially available CFD software 
package to simulate the flow of water in the water intake. 
The advantage of using the software packages (STAR-CD, 
FLUENT, CFX, or Flow3D) is that the codes are 
extensively tested and verified. 

2. WATER INTAKE STRUCTURE 
Planar structure model of the side water intake with 

the lake is shown in Figure 1. Maximum installed capacity 
of water intake amounts to 5.65 m3/s. A project is defined 
biologically required minimum flow rate of 740 l/s. The 
dam built across the width of the river is 14 m long. 
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Figure 1: Water intake structure

In this type of hydropower plant and water intake has a 
role to ensure the projected water level. At the entrance to 
the settling basin is located lattice, 10.50 m wide and 1.20 
m high which has a role to prevent large sediment or other 
elements that the river carries to enter to the settling basin. 
The width of the openings in the lattice is 25 mm, while 
the width of the solid material is 8 mm.  

Sedimentation tank is 52.67 m long and 15.50 m 
wide, and consist of three parallel chambers which are 
30.47 m long and 3.30 m wide. The chambers are divided 
by a concrete wall thickness of 0.30 m. The role of the 
settling basin in the water intake that directs water from 
the lake to the pipeline, ensuring the flow of pressure to 
mechanical plant, based on the projected level of water 
that held in the settling basin and the lake. The second 
function of the settling basin is to stop the smaller 
sediments that have passed through the lattice to avoid the 
pipeline and then to mechanical installations. For this 
reason settling basin consists of three chambers, of which 
is for rinse sediments in one chamber other two chambers 
closed by slide gate, and the total flow is directed to a 
chamber which is rinsing. In this way the velocity of the 
water increases significantly and water together with 
sediments get out from the settling basin into the river.  

3. COMPUTATIONAL DOMAIN 

3.1. Computational grid 
One of the most important steps in the use of 

commercial CFD software to the problem of fluid flow is 
to develop a computer grid with adequate resolution. In 
defining a grid, the essential is to find the optimal number 
of elements so that the model is credible in presenting the 
real state, and on the other side higher resolution form a 
larger number of elements and therefore these extend 
simulation time and achieving convergence [10]. 

Computational grid of the 2D water intake model 
which is observed in this paper consist of 217979 elements 
and 227339 nodes. In generating the grid using module 
Mesh in Ansys software, physical preferences are defined 
as CFD, solver preferences as Fluent, with relevance 100. 
In defining the size of the grid elements, it was selected a 
curvature size function with fine relevance. Curvature 
Normal Angle is set to 12.0 degrees. Minimum element 
size is 8.4 mm, while the maximum size of the area and 
max tet size are limited to 100 mm. 

Because of the lattice which is relatively dense in 
relation to the defined grid, it is necessary in the field of 
lattice define local finer grid. Edge Sizing was used as a 
function with defined geometry of lattice edge. The 
parameter for generating local grid is the element size of a 
maximum of 5 mm. 

3.2. Boundary conditions 
 The boundary conditions defined on the two-

dimensional CFD model of side water intake considered in 
the paper and shown in Figure 2. are: Fluid_inlet, 
Fluid_outlet, and Biological_minimum.  

Boundary condition at the entrance to forebay 
represent the Fluid_inlet with the defined volumetric flow 
of water with a value of 6.39 m3/s. Velocity field of water 
at the entrance is normally distributed with respect to the 
boundary surface. 

The model is defined that the output of the settling 
basin has set as a boundary condition “Outlet”, 
Fluid_outlet with the volumetric flow of water than 5.65 
m3/s, which is the maximum installed flow of the small 
hydropower plant. 

Biological minimum which is necessary to provide 
for the fish’s path, is defined as a boundary condition 
“Outlet”, with a water flow rate of 0.74 m3/s. 

3.3. Solving procedures 
The parameter for comparison of the proposed 

technical solutions is the velocity of water flow in the 
chambers of the settling basin. To describe the fluid 
velocity and turbulence in the river or hydraulic systems, 
such as a water reservoir, water discharge structure, or 
water intake structure of small hydropower plants, are 
used Navier-Stokes equations. For turbulent flow are 
commonly used version of the Reynolds averaged Navier-
Stokes equations (RANS). In this paper was used 
Pressure-Based RANS model, with absolutely defined 
speeds. It was suggested the planar, no gravity, and a 
stationary velocity field. RANS model defined in the [11] 
is used in this study for modeling fluid flow in the 
structure of water intake: 

( )1i i
j ij i j

j j

U U
U P u u

t x x
δ ρ

ρ
∂ ∂ ∂

+ = − −
∂ ∂ ∂

                          (1) 
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Figure 2: Boundary conditions

Where U is the average value of the velocity, u is 
fluctuating value of the velocity, P is pressure, ρ  is 
density, and ijδ  is Kronecker delta, with a value of 1 if i=j  
or 0 in other cases. A Reynolds stress term from the 
equation (1) is modeled by approximating Boussinesq’: 
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j i

UU
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                             (2) 

Where the variable k  is turbulent kinetic energy, and Tv  
is turbulent eddy viscosity. By inserting equation (2) into 
the (1) is obtained the final form of equation: 
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The first member of the equation on the left of the 
previous equation is a non-stationary member, which is set 
in the model is zero, because the velocity of the water in 
the water intake is defined as stationary. For calculation of 
the turbulent eddy viscosity, in equation (2) the k-ε  model 
from [11] was used: 

2T
kv cµ ε

=                                                                         (4) 

Where the turbulent kinetic energy k modelled as: 
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Dissipation of turbulent kinetic energy k  is denoted by ε , 
and modeled as: 
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            (7) 

Where constants in the k-ε  model have the following 
standard values: 0.09cµ = ; 1 1.44Cε = ; 2 1.92Cε = ; 

1.0kσ = ; 1.3εσ = ; 
Semi – Implicit Method for Pressure – Linked 

(SIMPLE) is used for solving described a model of the 
water intake. 

4. RESULTS 
For simulating the results of the side water intake in 

the paper, the commercial computational fluid dynamics 
(CFD) software package Ansys is used. This software 
package is able to use two modules to simulate fluid flow: 
Ansys Fluent and Ansys CFX. In the case of 3D flow, it is 
possible to use both modules, CFX and Fluent. When the 
2D flow model is set, as is the case in this study, it is 
possible to use only module Fluent. 

Ansys Fluent, like other CFD software packages, 
solves the fundamental equations of fluid flow [12], 
conservation of mass and momentum, known as Reynolds-
averaged Navier-Stokes (RANS) equations. The Software 
solves additional equations that represent the turbulent 
characteristics ( )k-ε  to determine eddy viscosity and 
mixing coefficients. Ansys Fluent discretized partial 
differential equations using finite volume method, and 
solve the resulting algebraic equations by implicit methods 
[13], [14], and [15]. 

4.1. Existing state 
The result of the simulation of the current state of 

the water intake of small hydropower plant is shown in 
Figure 3. Shown is a planar velocity field of the flow of 
water in the range from 0 to 1.35 m/s . It may be noted 
that the water velocity in the chambers of the settling basin 
drastically different. Top speed, i.e. the flow is realized in 
the third chamber of settling basin. In the secondary 
chamber is achieved somewhat lower speed, while in the 
first chamber, the water is almost not moving, and the 
flow rate is approximately zero, except for a few local 
fields of velocity different than zero (see Figure 3). 

4.2. Proposed technical solutions 
To overcome the problem of uneven flow in the 

three chambers of the settling basin, 12 technical solutions 
are proposed and shown in Figures from 4 to 15. The 
Settlement provides for a change in a part of settling basin 
between the lattice and the chambers of the settling basin. 
The proposed technical solutions are characterized by 
simplicity, the minimum price and the lowest possible 
pressure drop. The aim of the presented results that are 
based on established criteria is to determine the best 
technical solution to reduce the difference in speed and 
flow in the chambers of the settling basin. 
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Figure 3:Existing state  

 
Figure 4:Solution 1  

 
Figure 5:Solution 2  

 
Figure 6:Solution 3  

 
Figure 7:Solution 4  

 
Figure 8:Solution 5  

 
Figure 9:Solution 6  

 
Figure 10: Solution 7 
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Figure 11:Solution 8  

 
Figure 12:Solution 9  

 
Figure 13:Solution 10  

 
Figure 14:Solution 11  

 
Figure 15:Solution 12  

If one looks at the current state of the side water 
intake (Figure 3) it can be seen that the velocity in the area 
of the lattice approximately evenly distributed. The 
problem arises because of the intensity of the speed that is 
on average between 0.611 and 0.688 m/s at the entrance. 
Based on these facts were proposed technical solutions for 
adding a router and a barrier in the area between the lattice 
and the chambers of the settling basin. The idea is to 
determine the optimal shape and length of the router of 
water in order to achieve the desired effect, equalizing the 
water speed in the chambers of the settling basin. 

In the figures 13, 14, and 15 are shown the results 
of simulation of the proposed technical solutions with the 
increase of the resistance in the first and second chamber 
(see Figures 14 and 15), wherein the partition wall is 
greater in the first chamber in the relative to the wall in the 
second chamber, for the reason that in the analysis of the 
current state (see Figure 3.) first chamber has the highest 
speed. The difference between solutions 11 and 12 is in 
the position of placing a barrier in relation to the chambers 
of the settling basin. The solution 10 (in Figure 13.) 
represent the reconstruction in order to create a resistance 
to the central part of the settling basin, between the lattice 
and the chambers, where is the main direction of flow of 
the water towards the first chamber, and a smaller portion 
to the second chamber. This three solutions would cause a 
deterioration compared to the current situation, so it are 
rejected. 

The solution 3 (Figure 6) provides for the 
installation of a router between the second and the third 
chamber. This solution increases the velocity in the third 
chamber, but significantly reduced in the second chamber. 
The Solution 4 (Figure 7.) provides for the installation of 
special shape router, but this solution increases the speed 
in the first chamber. 

Solutions 1, 2, 5, and 9 are shown in Figures 4, 5, 8, 
and 12, respectively. This group of solutions represents the 
installation of the flow router with the criterion that the 
width of new chambers be equal. The differences between 
these four solutions are in lengths of dividers. Here can be 
seen that for a solution is beneficial that the routers as long 
as possible. Solutions 1, 2, and 5 provide approximately 
the same result, because the differences between the 
lengths of the flow deflector are very small. These three 
solutions, which essentially boils down to one solution 
with different router lengths, represent a potential solution 
to the observed problem. 
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The remaining solutions 6, 7, and 8, are presented 
in Figures 9, 10, and 11. These three solutions provide for 
the installation of the router in the form of an arc, wherein 
the different lengths between the three solutions. These 
three solutions have led to substantial improvements 
compared to the current situation, but speeds continue to 
vary, so that the speed is higher in the first chamber, and in 
a third smaller, relative to the rate flow of the water in the 
second chamber of settling basin, wherein is exception is 
the solution 6 (Figure 9) where the speed in the chambers 
quite balanced. 

Based on the analysis of all the proposed solutions, 
the best results in the equalization of speed in the 
chambers of settling basin can be achieved by installing a 
router as provided by solutions 1 (Figure 4.) and 6 (Figure 
9.). 

5. CONCLUSION 
The small hydropower plant with installed capacity 

of 1.25 MW, which is in operation since the end of 2013 
was observed in this study. This hydropower plant is run 
of the river type with lateral water intake. In the 
exploitation conditions, it has been observed that the flow 
of water in the three chambers of the side intake settling 
basin differs drastically, so that a single chamber is almost 
no flow. 

The aim of this study has been to propose a 
technical solution for the reconstruction of water intake so 
as to equalize the speed and flow in the chambers of the 
settling basin. Criteria for selection of the optimal solution 
are: minimum price, simplicity, and the lowest possible 
pressure drop. To solve this problem a two-dimensional 
CFD model was formed, that is generated by a grid with 
217979 elements and 227339 nodes, and by defined  
boundary conditions. 

In order to solve the defined model is used the 
Ansys Fluent software package, on the basis of equations 
of a turbulent flow of the fluid (RANS) and additional 
equations which describe the turbulent characteristic 
( )k-ε . The Semi-Implicit Method for Pressure-Linked 
(SIMPLE) algorithm was used for solving the model in a 
Fluent module of Ansys software package. As a result, 
showing the 12 simulations of the proposed technical 
solutions. Based on the results, several technical solutions 
lead to a reduction in the difference in the speeds of which 
are the best results achieved with solutions 1 and 6. 

Continued research should consist of drafting and 
3D simulation model of the side water intake, and the 
inclusion of sediments in the fluid flow. 
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Depending on the Changes in Value of Pressure in Common Rail System 
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The paper describes the process of measuring and analyzing of the set and actual pressure value and the total 

quantity of injection in common rail system with continuous and sudden acceleration. The measurements were carried out 
on the vehicle Citroen Berlingo 1.6 Hdi using universal diagnostic device Bosch KTS 540. The conducted analysis shows 
the relation between changes in set and actual pressure value and the total amount of injection which has an impact on fuel 
consumption and vehicle emission. 

Keywords: pressure changes, the total amount of fuel injection, fuel consumption, exhaust emissions
1. INTRODUCTION 

Technical diagnostics is a technical discipline that 
deals with monitoring the state of the vehicle and machine. 
By diagnostic devices it is possible to determine the 
condition of parts and assemblies without dismantling and 
disrupting the initial feedback, and with knowledge of the 
conditions and maintenance of vehicles in the past, it is 
possible to predict their behavior in the future and thus 
prevent the occurrence of sudden cancellation [1]. 

Diagnostics has a very large and important role in 
the prevention of malfunction of motor vehicles [3] where 
it is necessary to analyze  the symptoms and diagnostic 
parameters and their functional connection with the state 
of the system structure and establish the diagnostic norms 
and criteria on which they are determined. Application 
rules "six steps" [2] is an indispensable prerequisite for the 
successful diagnosis and successful of any defects on the 
transport device. By applying suitable diagnostic devices 
and software tools [4], it is possible to signal acquisition 
with electronic control systems on vehicles that provide 
the possibility of further processing. The main goal is to 
create a useful database for preventive and corrective 
maintenance of vehicles. 

 
Figure 1. Dijagnostics of motor vehicles 
In addition to determining the occurrence of 

cancellation of the vehicle, advanced diagnostic devices 
and monitoring parameters enable the operation of certain 
systems on the vehicle: 

 
• engine, 
• transmission, 
• steering, 
• ABS, 
• central electronics ... 

Knowing the limit values of these parameters, it 
is possible to predict the occurrence of failure and thereby 
reduce costly repairs and parts replacement. 

This paper describes the measurement and analysis 
of change in the total quantity of injection depending on 
the change in value of the pressure in the common rail 
system. 

2. MATERIAL AND WORKING METHODS 
For the purposes of measurement it was used a 

universal diagnostic tool Bosch KTS 540 (Figure 1) which 
is connected (via USB cable or Bluetooth connection) to 
the PC on which is installed the ESI[tronic] 2.0 software. 

 
Figure 1. Bosch KTS 540 universal diagnostic tool 

The measurements were carried out on the 
vehicle Citroen Berlingo 1.6 HDi with Bosch common rail 
injection system (Figure 2). 
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Figure 2. The test vehicle and equipment 

Manufacturer in this model fitted aluminium engine 
capacity of 1,560 cm3 (Tab. 1), the maximum power 69 
kW at 4000 [rpm]. and maximum torque 215 Nm at 1750 
[rpm]. 

For fuel injection it is used the second generation of 
Bosch's common rail system (Figure 3), with pressure 
ranges from 250 [bar] to 1600 [bar] when the engine is 
under full load. 

 

Tablе1. Technical characteristics of the test vehicle 

CITROEN BERLINGO 
TECHNICAL 

CHARACTEISTICS 

Version Hdi 92 Multispace 

ENGINE 
Type                                 Turbo diesel with direct 

injection 
High pressure 16 valve 

 
Cylinders No.   4 

Displacement [cm³]   1560 
Diameter x piston 

stroke[mm]   75 x 88,3 
Maximum power [kw/rpm]   69(92)/4000 

Maximum torque /rpm   215/1750 
Engine standard   EURO IV 

On figure 3 is presented shematic of the Bosch 
common-rail system that is fitted in test vehicle. 
 

 
Figure 3. Schematic representation of the common rail 

system of test vehicle 

After connecting vehicle with diagnostic device it 
is necessary to identify the test vehicle, entering the basic 
information (country of origin, type of vehicle, type of 
operation, engine code, etc.) (Figure4). The software 
provides the ability to identify the vehicle and through the 
VIN number (chassis number). 

 
Figure 4. Information of the identified vehicle 

By clicking the ’’Diagnosis’’ type, the diagnostic 
device communicate with all systems present in the 
vehicle and reports if there are errors present (Figure5). 
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Figure 5. Search for systems that are present on the 

vehicle and detecting errors 
If errors are identified, diagnostic device present a 

list of the operations that could be carried out in order to 
eliminate errors. Since the erros were not found on tested 
vehicle, it can be concluded that all systems are 
functioning correctly and that there are no problems in 
operation. 

Besides identifying errors Bosch KTS 540 
enables monitoring of specific operating parameters of the 
system to the vehicle by reading the current (actual) value, 
with the ability to change certain parameters if the system 
allows it. 

The following paper presents a method of 
measurement and analysis of set and actual values of 
pressure in the common rail system, as well as the change 
in the amount of injection depending on the regime of 
engine operation. 

3. SELECTION OF MEASUREMENT PARAMETERS 
After identifying the systems that are present on 

the vehicle (engine management, ABS, central electronics 
...), choose the option ’’Engine management’’. This option 
displays a submenu that offers the possibility of reading 
errors, erase error memory, monitoring actual values and 
change the settings of certain parameters (Figure 6). 

 
Figure 6. The operations which can be performed in the 

engine submebu 

By entering the option '' actual values '' we selects 
parameters, from a list of options, which want to monitor 
(Figure 7). For our measurements we were elected engine 

speed, the actual pressure value in Rail, the setpoint 
pressure in the Rail and the total amount of injection. 

 
Figure 7. The parameters that can be monitored 

The system offers a choice of up to 8 parameters 
that can be simultaneously monitored. 

4. THE MEASUREMENT PROCESS OF PRESSURE 
VALUE AND THE TOTAL AMOUNT INJECTION IN 

COMMON RAIL SYSTEM 

The measurement process consists of two parts. 
In the first part was performed measurement of set and 
actual pressure value and the total amount of fuel injection 
during the continuous acceleration (Figure 8), while in the 
second part was performed measurement of set and actual 
pressure value and the total amount of fuel injection 
during sudden acceleration (Figure 9). 

 
Figure 8. Diagram of set and actual values of pressure in 

the common rail system with continuous acceleration 
The figure shows that the engine in the first 2 [s] 

is idling which also reveals the same set and actual 
pressure value. Then in the next 6.5 [s] it was accelerated 
gradually until 4300 [rpm] where the set and actual 
pressure value grow continuously. 

After that engine were decelerated gradually in 
the next 10 [s] until 700 [rpm] where the set and actual 
pressure value decreases evenly. It is also possible to 
notice that the total amount of injection uniformly changes 
with pressure. This completes the first part of the 
measurement. 
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 After completing the first part of the 
measurement engine is idling 4 [s] to stabilize the system, 
and then came the second part of the measurements for 15 
[s] with sudden engine acceleration. 

 
Figure 9. Diagram of set and actual values of pressure in 

the common rail system with sudden acceleration 
During this measurement we notice sudden changes 

in engine speed, which resulted in the sudden change in 
the value of pressure in the common rail system and the 
overall amount of injection. This completes the second 
part of the measurement. 

5. RESULTS AND DISCUSSION 
  One of the common errors of the vehicle is 
increased dressing nozzles. By checking the parameters it 
can be seen that the actual pressure cannot follow specify, 
ie. there is too much negative deviation. 

After completion of the measurement, data 
processing was carried out separately for continuous and 
sudden engine acceleration to determine whether there are 
large deviations between actual and setpoint pressure and 
how it impact the change of total amount of injection. 

The diagram (Figure10) showing the relationship 
of changes in actual and setpoint pressure in the common 
rail system with a continuous change of the engine speed. 

 
Figure 10. The change of set and actual pressure values 

during the continuous engine acceleration and 
deceleration 

This clearly shows that with the gradual 
acceleration from 700 [rpm] to 4300 [rpm] both the set and 
actual pressure value have continuous growth with a 
nearly identical pressure values. After that the engine was 

decelerated to 700 [rpm] where we also notice the 
continuous change of set and actual pressure values. 

To determine if there is large deviations between 
actual and setpoint pressure we performed statistical 
analysis of the measurement results. In Tab. 2 is presented 
the correlation and determination coefficient, as well as 
measurement error. 

Table 2. Statistical analysis of measurement results during 
the continuous engine acceleration and deceleration 

R 0.998 

R2 0.996 

Mean error 0.708 

Mean absolute 
error 

6.250 

Mean absolute 
relative error 

0.015 

Based on the Tab. 2  it can be seen that between 
the actual and the setpoint pressure is a high degree of 
correlation 0,998, as well as the mean absolute relative 
error is 0.015. This clearly shows that there are no major 
differences in the change of the pressure value so we can 
conclude that the system is correct. After the analysis of 
continuously engine acceleration and deceleration, follows 
the result presentation of the second measurement, ie. 
changes in the value of pressure during sudden  engine 
acceleration and deceleration.  

The Figure 11 shows a diagram of the change in 
the set and actual values of pressure in the common rail 
system with a sudden engine acceleration and deceleration 
while the vehicle is idling. During this measurement 
engine in a short period of time suddenly change speed, 
where can be observe more pronounced differences 
between actual and setpoint pressure. 

 
Figure 11. The change of set and actual values of pressure 

during sudden engine acceleration and deceleration 

On the basis of the displayed diagrams it can be 
noted that the maximum deviation between actual and set 
value of pressure occurs in 2600 [rpm] where the actual 
pressure value is 846 [bar] and the set pressure value is 
614 [bar], which is 232 [bar] more. 

In Tab. 3 is presented the correlation and 
determination coefficient, as well as measurement error. 
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Table 3. Statistical analysis of measurement results during 
the sudden engine acceleration and deceleration 

R 0.953 

R2 0.908 

Mean error 2.226 

Mean absolute 
error 

51.811 

Mean absolute 
relative error 

0.097 

From the table it can be seen that there is a high 
degree of correlation of 0.953 between the set and actual 
pressure valueas well as mean absolute relative error of the 
measurement is 0.097. It can therefore be concluded that 
the system is correct, and that the appearance of significant 
deviations on certain engine speeds can be attributed to the 
delay in the communication between ECU and PC. 

After analyzing the change between set and actual 
values of pressure in the common rail system in further 
work will be shown the change of total amount of fuel 
injection during the continuous and sudden changes in 
engine speed. The aim of this measurement is to 
demonstrate what impact has the driving style (continuous 
and sudden acceleration) on fuel consumption. 

In Figure 12 is shown the total amount of fuel 
injection during the continuous changes in engine speed. 

 
Figure 12. Change in the total amount of fuel injection 

during the continuous changes of engine speed 

From the presented it is evident that with 
continuous changes of engine speed, set and actual 
pressure value and the total quantity of fuel injection have 
a continuous change, which is manifested in lower fuel 
consumption. During sudden changes of engine speed 
(Figure 13) there is large deviations between set and 
actual values of pressure, and therefore the larger is 
deviations in the total amount of fuel injection, which is 
manifested in higher fuel consumption. 

 
Figure 13. Change in the total amount of fuel injection 

during the sudden changes of engine speed. 

The highest value of the total amount of fuel 
injection during sudden changes of engine speed is 26 
[mg] at 3600 [rpm], while during the continuous changes 
of engine speed, at the same rpm, this value is 10 [mg]. 

Based on the above analysis it can be concluded 
that the continual changes in driving mode has a number 
of advantages that are reflected in lower fuel consumption, 
exhaust emissions and noise generated by motor vehicles. 

6. CONCLUSION 

The paper describes the process of measuring and 
analysis of pressure in the common rail system with 
continuous and sudden engine acceleration. The aim of 
this measurement is to show how the monitoring of actual 
operating parameters of a system can spot irregularities. 
Therefore it is possible to perform preventive maintenance 
or replacement of parts in order to avoid the failures. This 
significantly affect the extension of the life cycle of 
vehicles, and also significantly facilitates the work of 
repairers. 

ECU determines the setpoint pressure under 
which its inject fuel into the cylinder. If the difference 
between the set and actual pressure values is higher the 
higher is the fuel consumption. From this we can conclude 
that during continuous engine acceleration fuel 
consumption is economical, while sudden engine 
acceleration caused uneconomical fuel consumption and 
therefore higher emissions (CO, NOx ...). 
 This demonstrates that the technique of driving 
have significant impact on fuel consumption. Driving with 
sudden acceleration reflect the deterioration in fuel 
economy as compared to driving with continuous 
acceleration that takes place at considerably more 
consistent speeds. This type of measurement is important 
from the aspect of driver training in objective of pointing 
at consequences of the violent ride that most reflected in 
fuel consumption. 
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Determination of transfer function of the photoacoustic system provides the possibility to eliminate influences of the 
system components with later digital signal processing. Components which influence the transfer function are microphone, 
photoacoustic cell, amplifier and acquisition card. The transfer functions are obtained with the use of swept sine signal as 
excitation and five different microphones are tested as a part of detection side. Measurements are performed in an 
anechoic chamber. One acquisition card was used for generation and the other for the recording of the signal. The cards 
were not synchronized. The paper shows five transfer functions and their analysis. 

Keywords: Photoacoustic measuring system, microphone frequency response, acquisition card
1. INTRODUCTION

When a sample is exposed to electromagnetic 
radiation, a part of the excitation energy is absorbed and 
transformed into heat. The process is called photothermal 
(PT) effect [1, 2]. Due to the PT effect occur various 
phenomena, such as infrared emission, refractive index 
variation, surface displacement, emission of acoustic 
waves and thermal waves (Figure 1). 

Figure 1: Phenomena occurred due to photothermal effect 

The formation of the acoustic wave in the sample 
and in the surrounding gas due to radiation from the light 
source is called photoacoustic (PA) effect. Figure 2 shows 
sequence of the steps in PA effect, from light source 
excitation to acoustic wave detection. The frequency of the 
detected acoustic wave is equal to the frequency of 
modulation of the light. The PA effect is used for various 
material characterization techniques. One example is PA 
spectral analysis, where the modulation frequency is 
constant, but the wavelengths of the light source are varied 
with the aim to study the optical properties of samples 
[3, 4]. 

The PA technique that is studied in this paper is 
frequency PA technique [5-7]. The concept of the 
technique is variation of the modulation frequency, and 
analysis of the variations of the amplitude and the phase 
delay of the detected acoustic signal. Both the amplitude 
and the phase delay of the detected signal monotonously 
decrease with increase of the modulation frequency. 
Fitting of the experimental data to theoretical models 

enables calculation of thermal parameters of samples such 
as thermal diffusivity, heat capacity, thermal conductivity 
and thermal effusivity [8-10].  

Figure 2: Generation of PA effect 

The most used model for thermal characterization 
of materials using the frequency PA technique is 
Rosencwaig – Gersho PA model [11], also called the 
classical PA model, but there are other models that 
consider some additional phenomena [12-16]. A recent 
study of theoretical models has shown [17] that the 
modulation frequency range used in a frequency PA 
measurement should have bandwidth of least three 
decades in order to enable thermal characterization of thin 
samples with sufficient accuracy. 

Figure 3 shows block – diagram with amplitude 
ratio and phase difference between two signals as the 
outputs of frequency PA measurement system. The two 
detected signals are outputs of the microphone and 
photo-detector. 

The PA measurement system may be divided into 
excitation and detection part. The excitation part 
comprises the light source with modulator, and the 
detection part comprises the sample, PA cell, microphone, 
amplifier, lock-in amplifier and acquisition card. Each of 
the mentioned components on the detection side affects the 
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amplitude and phase characteristics of the PA 
measurement system by their frequency responses. 

Figure 3: Scheme of PA measuring system 
Measurement systems are usually applied in the 

bandwidths where their amplitude and phase 
characteristics may considered fairly constant, but the 
acoustics detection systems do not have such “flat 
characteristics” in wide frequency ranges required for 
thermal characterization by PA techniques. Therefore, the 
knowledge of the amplitude and phase frequency 
characteristics of the used PA measurement system in a 
wide range is precondition for thermal characterization by 
frequency PA technique. 

Figure 4: Amplitude and phase frequency dependence 
curves of the 290 μm thick aluminium sample 

During PA measurement system design, the 
intention is to select components that have “flat” response 
(without resonances) in the range of interest (audio range – 
20 Hz to 20 kHz). The component that is most difficult to 
select is the acoustic detector, usually a microphone. 
Figure 4 shows the microphone influence on the 
amplitude-frequency characteristics obtained in frequency 
PA technique. An aluminum sample of 290 μm thickness 
is tested, and the upper diagram shows the 
amplitude-frequency characteristic while the lower 

diagram shows the phase-frequency characteristic. The PA 
response decreases monotonously, and the influence of the 
microphone frequency response is visible in the region 
above the frequency of 6 kHz. 

A correction procedure may be used to calculate 
the PA response of the sample, 

( ) ( )
( )PA

S f
f

G f
P = (1) 

where PPA represents the PA response, S is the signal 
obtained from the PA measurement system and G is the 
transfer function of the detection part of the PA 
measurement system. 

This paper presents the results of studies of transfer 
characteristics of five microphones for PA measurements. 
The transfer functions of detection part were obtained 
using the sound excitation signal generated by 
one acquisition board and detected by another 
acquisition board. The non-synchronized acquisition 
card input and output enables more accurate 
determination of a transfer function then application of 
synchronized input and output acquisition boards [19]. 

2. EXPERIMENT
The experiments were performed at anechoic 

chamber of the Laboratory of Acoustics of the Faculty of 
Electronic Engineering of University of Niš. Inner 
dimensions of the chamber are 7m x 7m x 7m, and the low 
cut-off frequency is 50 Hz. 

Figure 5: Experimental setup in the anechoic chamber 
[19] (the picture shows a sound source that was not used
in the measurements, but the used sound source had the 

same position as the sound source in the picture) 

The experimental setup is shown in Figure 5. At 
the left side of the picture is the stand with microphones 
and at the right side is the sound source. The distance 
between the sound source and microphone was more than 
3 m, and the distances between the parts of the 
experimental setup and walls of the anechoic chamber 
were more than 1.5 m. The position of the microphone 
stand was the same for all the tested microphones, 
including the reference microphone. 
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The dodecahedral omnidirectional sound source, 
which generated the excitation sound signal, uses a 
commercial Sony TA-FE510R amplifier. 

Figure 6: Microphones from the left to the right: 1) POM-
5238L-R microphone from PROJECTS UNLIMITED and 

the other microphones from Kingstate Electronics Corp. 2) 
two KEEG1538WB-100LB and 3) two KECG2742TBL-A 

microphones 
The microphones selected for the study are 

commercial electret condenser microphones. They are 
selected because they are commercially available, 
inexpensive and may be easily adjusted for the PA 
applications. Namely, if the dust cover is removed from 
the top of such a microphone, the small vent that remains 
may be used as a PA cell. The obtained PA cell has small 
dimensions, which is advantageous because of the weak 
power of a PA signal. Besides, due to the small 
dimensions, frequencies of the standing waves inside the 
PA cell do not belong to the audio range. 

Figure 7: The microphone frequency responses for a) the 
microphones manufactured by Kingstate Electronics Corp. 

and b) POM-5238L-R microphone manufactured by 
PROJECTS UNLIMITED  

The following microphones were used: 1) two 
KECG2742TBL-A microphones, manufactured by 
Kingstate Electronics Corp. [20], 2) two KEEG1538WB-
100LB microphones manufactured also by Kingstate 
Electronics Corp. [21] and 3) one POM-5238L-R 
microphone manufactured by PROJECTS UNLIMITED 
[22]. Figure 6 shows the microphones, Figure 7 shows the 

frequency responses of the microphones as provided by 
the manufacturers, while the other characteristics of the 
studied microphones, also as provided by the 
manufacturers, are shown in Table 1. 

Table 1: Microphones' characteristics 

Microphone KECG274
2TBL-A 

KEEG1538
WB-100LB 

POM-
5238L-R 

Operating 
voltage 2 V 2 V 2 V 

Maximum 
supply 
current 

0.5 mA 0.5 mA 0.5 mA 

Output 
impedance 2.2 kΩ 2.2 kΩ 2.2 kΩ 

Diameter 6 mm 4 mm 6 mm 
Signal/noise 60 dB 58 dB 60 dB 
Sensitivity 
1kHz, 1Pa 

0dB=1V/Pa 
-42±3 dB -38±3 dB -38±3 dB

The amplifier that is used for the microphone 
signal amplification, located in the box on the stand visible 
in Figure 5, may have amplifications 2, 4.9, 7.8, 11, 19, 
48, 69 and 101. Figure 8 shows schematic diagrams which 
represent the amplifier. In Figure 8a is shown microphone 
power supply, which uses voltage regulator LM78l. Figure 
8b shows the operational amplifier supply that uses 
voltage regulators LM7805 and LM7905 for voltage 
supply of ± 5 V. The operational amplifier is OP07 CP and 
is shown in Figure 8c. The most important characteristic of 
the operational amplifier, which influenced the transfer 
function, is the bandwidth of 500 kHz. At the non-
inverting input of the operational amplifier is high-pass 
filter with a cut-off frequency of 5.3 Hz, made by the the 
series connection of capacitors C9 and C10 and the 
resistor R2. At the operational amplifier output is a 
high-pass filter with a cut-off frequency of 1.42 Hz, made 
by the parallel connection of electrolytic capacitors C11 
and C12 and the resistor R12. Both of the filters do not 
influence the transfer function characteristic in the audio 
range of the microphone. 

For acquisition of the recorded data were used 
acquisition boards National Instruments (NI) USB-6351 
[23] and NI PCI-6014 [24]. Both acquisition boards have
16 bits resolution.

The reference measuring system consists of the 
B&K microphone Type 4188-021-A and data acquisition 
system B&K 3560-B driven by Time Data Recorder, a part 
of the Pulse software package. The system has a built-in 
high-pass filter with cutoff frequency at 22.4 Hz. Figure 9 
shows the frequency response of the B&K reference 
microphone, which is "flat" in the range of 10 Hz – 
10 kHz. 

2.1. Experimental procedure 

The excitation of the system was exponential 
sweep sine signal in frequency range 20 Hz – 22050 Hz. 
The stepwise increase of the amplitude of the signal (so-
called fade-in) and the stepwise decrease of the amplitude 
of the signal at the end of signal (so-called fade-out), with 
the aim to avoid pre-ringing, is shown in Figure 10 [25].  
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Figure 8: a) Microphone power supply, b) power supply of 
operational amplifier OP07 CP and c) amplifier with an 

operational amplifier. 
The excitation consisted of the signal with 

duration of 16 s and a pause of 3 s. It was generated using 
an analogue output of NI USB – 6531 acquisition board 
with 65536 Hz sampling rate and the amplifier of the 
sound source. The acoustic signal generated by the sound 
source was detected using a microphone and then 
amplified 69 times. The same amplification was used for 
all measurements. The amplified signal was led to an 
analogue input of the NI PCI - 6014 acquisition board 
using also the sampling rate of 65536 Hz, and then 
recorded at PC as a digital signal. The clocks of 
acquisition cards were not synchronized. 

 
Figure 9: The frequency characteristic of microphone 

used in the reference measuring system. 

 Digital signal processing was performed using the 
“inverse filter of the sweep sine” signal. The inverse filter 
was generated as a WAV file on the PC with the sampling 

rate of 65536 Hz and it also had duration of 16 s as the 
excitation signal. The time variation of the inverse filter 
signal is shown in Figure 11. If the transfer function 
inverse filter is denoted by Xs( f ), and the Fourier 
transform of the measured response is denoted by Y( f ), 
then the impulse response of the measurement system 
h( t ) can be calculated as [26]:  
 

 
( )

[ ]{ }
( ) ( )

( ) ( )
sH f X f Y f

h t real iFFT H f

= ⋅

=
 (2) 

The transfer function of the PA measurement system can 
be obtained as the Laplace transform of the calculated 
impulse response: 
 ( )( )G s L h t=     (3) 

 
Figure 10: Sweep sine signal a) fade – in and b) fade - out 

(both with logarithmic x-axis representation) 

 
Figure 11: Inverse filter (with logarithmic x-axis 

representation) 

Measurements for each of the tested microphones 
and the reference microphone were performed five times, 
and the obtained frequency spectra were averaged during 
the digital signal processing. The transfer functions of the 
microphones were calculated by subtracting the reference 
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system spectrum from the spectra of the tested 
microphones. 

For the control of the measurements and data 
processing was used software package Matlab with Data 
Acquisition Toolbox. 

3. RESULTS 
The obtained transfer functions of the five 

microphones are shown in Figure 12. The amplitude 
characteristics consist of a slightly increasing part in the 
range 20 Hz - 100 Hz, a fairly flat part in the range 
100 Hz - 6 kHz and the part with significant decrease in 
amplitude at frequencies higher than 6 kHz. The 
oscillatory variations may be observed at frequencies 
lower than 80 Hz and in the range 2 kHz – 2.6 kHz. 

 
Figure 12: The transfer function characteristics of the five 

measured microphones 
 Figure 13 shows the signal recorded with the 
microphone KECG2742TBL-A (denoted in Figure 12 as 
“Microphone 6 mm first”). If the region where the signal 
amplitude is the weakest at the upper left picture in the 
Figure 13 is zoomed, the upper right picture of Figure 13 
is obtained. The zoomed region corresponds to the 
excitation signal range where the sweep frequency is 
around 2 kHz. The upper right picture of Figure 13 shows 
four antinodes, and if the fourth antinode is further 
zoomed, the lower left picture of Figure 13 is obtained. 
The lower right picture of Figure 13 presents background 
noise sample during the measurements, and the dashed 
lines in the lower pictures represent the amplitude of 
background noise, and one may conclude that the 
amplitude of the excitation signal is comparable to noise 
when the excitation frequency is close to 2 kHz. 

4. DISCUSSION AND CONCLUSION 

This paper presents a continuation of research 
efforts presented in papers [19] and [27]. The obtained 
transfer functions are bent compared to those obtained in 
[27]. The transfer functions presented in [27] are obtained 
with the acquisition card with synchronized analogue input 
and output, which is not the case with the transfer 
functions presented in this paper. Non-synchronization of 
the NI USB – 6351 and NI PCI - 6014 acquisition boards’ 
inputs and outputs reveals the bending of the amplitude 
characteristics of the transfer functions. A part of the 
bending may be attributed also to the differences between 
the A/D and D/A converters of the two acquisition boards. 
The amount of the contribution may be determined with 
synchronization of the acquisition boards, which is the 
topic for a future research. 
 The appearance of the oscillatory variations in the 
range 2 kHz – 2.6 kHz and below the frequency of 80 Hz 

is attributed to the insufficient signal-to-noise ratio in 
those ranges. 
 The decrease of the amplitude characteristic 
above a frequency in the range 6 kHz – 7 kHz occurs due 
limitations of the amplifier. The used operational amplifier 
had 500 kHz bandwidth and the gain used in 
measurements was 69, which means that a cut-off 
frequency close to 7.25 kHz should be expected. 

With the exception of the oscillatory variations in 
the range 2 kHz – 2.6 kHz, the determined transfer 
function of the microphones should be considered reliable 
in the range 80 Hz – 6 kHz. 

 For the determination of reliable transfer 
function’s characteristics in a wider range, some additional 
measurements need to be performed. First, the amplifier 
has to use an operational amplifier with wider frequency 
bandwidth. It is in the plan to use NE5532 or TL071/72 
operational amplifiers. Further, a sound source with "flat" 
characteristic in the region of 2 kHz – 2.6 kHz could be 
used to avoid insufficient signal to noise ratio, or 
amplification of a sound source could be set with higher 
sound level. Finally, synchronization of the analogue input 
and output needs to be performed. 

 
Figure 13: Amplitude of the signal measured with the 

microphone KECG2742TBL-A. On the upper images are 
shown the sound source characteristic and the region with 
the lowest amplitude (the region with four nodes). On the 
lower images is shown the comparison of the signal from 

the fourth node and the noise. 
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1. INTRODUCTION

Contemporary usage of LPG in Serbia and 
Macedonia, in the house holds, or in process of food 
preparation, in food industry is mainly focused on usage of 
the gas in the steel tanks. Capacity of the tanks that are most 
common in use are: 2 kg, 3 kg, 5 kg and 10 kg. Gas tanks 
with capacity of 2 and 3 kg are usually used for mobile 
applications (usually for camping, outdoor food 
preparation, etc.), while 5 and 10 kg gas tanks are usually 
used in households and food preparation in food industry 
sector.  

Refiling of the gas tanks is one of the main business 
activities in gas sales process.  

Information provided by investor is that 90% of the 
refilling is covering gas tanks weighted 5 kg and 10 kgs. 
One of the main problems in refilling of the gas tanks is that 
they are in time covered by dust, or organic and/or 
nonorganic dirt which is causing two main problems.  

First one is covering safety issues, since residual 
dust and dirt on gas tanks can, in contact with elements of 
conveying system, cause sparks, which can then cause 
explosion, since environment in the filing facility is 
considered as potentially very explosive.  

Second problem is with retention of the gas tanks, 
since customers are avoiding to buy dirty tanks and they are 
staying in the warehouse for indefinite time, making 
additional cost for keeping them on stock.  

In order to solve this problem, prototype of conveyor 
which is driving gas tanks through washing and drying 
modules is made.   

Gas tanks washing process has two main aspects that 
were considered.  

First one is referring to quality of the wash, which 
depends on the Siner’s circle. [1] 

Second problem was the design of conveyer which 
was conveying gas tanks through washing and drying 
modules.  

2. SINERS CIRCLE OF WASH
For quality wash there are 4 interconnecting factors, 

known as „Siner Circle“ – simple formula for cleaning 
cycle of any cleaning operation (Figure 1). 

2.1. Mechanical action 
First factor is mechanical action, which is removing 

dirt by application of mechanical force. Mechanical force 
that can be used in washing cycle has its limit, since 
excessive use of the force can produce damage to the 
washed surface as result of excessive wear and potentially 

explosion since system is working in hazardous 
environment. 

Figure 1: Siners Circle of wash 

2.2. Chemical action 
Chemical action is defined as usage of cleaning 

agents in the cleaning cycle. Choice of right cleaning agent 
is essential for wash quality, along with economics of 
washing process. Use of chemical agent with optimal 
dosage of chemicals is only way to obtain optimum results 
without damaging surfaces, or influencing environmental 
pollution.  

2.3. Temperature 
Depending of the type of washing circle, 

temperature has different influence. For any kind of wash 
in which surfaces are covered with grease or oil, washing 
temperatures have significant influence. Like with all other 
cleaning factors, excessive usage of high temperatures can 
damage washing surface and also damage equipment.  

2.4. Time 
Time is one of the crucial factors, since longer 

washing cycles are giving better results. Washing time 
depends on the surface type to be cleaned, the dirt which 
has built-up and the chemical agents used.  

3. DESIGN OF THE SYSTEM
Investor demand was that complete system for gas 

tanks cleaning, should be added to existing gas filing line. 
Gas tanks that should be washed should include standard 
tanks net weight 10 kg and 5 kg. Capacity of the system 
should be 400-500 gas tanks per hour. Extension should be 
with the same elements as existing one in order to provide 
complete unification of spare parts. System should be 
modular and consist of 3 washing and drying modules.  
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3.1. First module – spraying of the chemicals 
First module should provide distribution and 

spraying of dissolved chemical agent with hot water in 
order to better penetrate into the dirt on the surface of gas 
tanks. Chemicals should provide strong adhesion of the 
molecules of chemical agent to form layer on the surface of 
gas tanks, in order to move residual dirt on top of the layer 
(Figure 2). Regarding Siner’s circle,  in the first module, 
temperature of the water along with right choice of 
chemicals are providing optimal results in moving residual 
dirt above layer of chemicals.   

 
Figure 2: Chemical addhesion to the surface of gas tanks 

3.2. Second  module – rinsing and applying drying agent 
Second module should provide rinsing of the gas 

tanks, with hot and cold water in order to remove chemicals 
along with dirt from cylinder surface.  

Two systems for rinsing will be used.  
First one is with hot water with temperature up to 

60oC on high pressure of 150 bar in order to provide enough 
mechanical action to clean residual dirt.  

Second one is with cold water, sprayed in low 
pressure up to 10 bar in order to remove residual chemicals 
and cool down gas tanks before conveying them to filling 
station.   

On the exit side of the module, there is chemical 
drying agent spraying system. Chemical drying agent has 
similar role as chemicals in the washing process. Since 
chemical agent has the form of anion, when applied, water 
drops are pushed to the top of the surface layer, which 
makes easier to remove them with air blow system. Second 
role of drying agent is levelling surface of the tanks which 
have micro abrasions (Figure 3).  

 
Figure3: Chemical addhesion to the surface of gas tanks 

This way air stream is flowing with less turbulences 
which effects quality of drying. Also, layer of drying agent 
resides on the surface of the gas tanks, which has the role of 
protective film against corrosion and protects gas tanks of 
excessive dirt while in usage. When gas tanks come to 
refilling, they are cleaned much easier then first time. 
Picture of drying agent moving water drops above the layer 
is given of Figure 4.  

 
Figure 4: Drying agent moving water drops on top of the 

layer 

3.3. Third  module – drying of the gas tanks 
Third module should provide removing of the 

water from gas cylinder surface with side and top air 
blowers. One explosion proof motor of 3 kW power and 
1200m3/h of air flow is used in order to blow water drops 
from surface of  gas cylinders.  

4. CONVEYOR FOR GAS TANKS 
Conveyer is designed in order to provide maximum 

capacity for filling up to 500 gas tanks per hour.  
Speed of conveyor:  
                                𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐 = 500

60
= 8,33 𝑚𝑚

𝑚𝑚𝑚𝑚𝑐𝑐
                         (1) 

Diameter of 10 kg tank is 300 mm, so there are 3 gas 
tanks in 1 meter conveyor length. 

In order to provide flexible speed of conveyor, 
frequency regulator is chosen for regulating speed of the 
conveyor.  

In order to provide optimum cleaning and drying 
results, technological parameters that must be followed are:  
− minimum elapsed time from applying washing 

chemicals to rinsing: 1 min. 
− minimum elapsed time from applying drying aid 

chemicals to air drying: 1 min.  
When putting those two restrictive conditions 

together, minimal length of conveyor should be 16,66 m.  
In order to follow up complete process of taking 

empty gas tanks from outside storage, length of conveyor 
must be prolonged.  

With entry and connection point defined, one more 
technical aspect of the system was important for complete 
defining of the conveyor track and that is minimal radius of 
the curve of the conveyor.  

According to information provided by chain 
producer, minimal radius of the curve has to be 1000 mm in 
order that chain doesn’t stuck on the curve section.  

Also, entry point of the conveyor is defined by 
investor in order to provide enough space on the outside 
storage.  
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Since one of the main aims of the conveyor is to 
connect outside storage with existing conveyor, length after 
last, third module (drying) is enlarged in order to provide 
connection for existing conveyor.  

Disposition of the complete conveyor is given on the 
Figure 5.  

4.1. Calculation of chain tension force 
Calculation of chain tension force (empty conveyor) 

[2]: 
𝐹𝐹𝑐𝑐 = 1,05 ∙ [𝐹𝐹𝑚𝑚𝑚𝑚𝑐𝑐 + 𝑔𝑔 ∙ (𝜔𝜔 ∙ 𝑞𝑞М ∙ 𝐿𝐿ℎ𝑅𝑅𝑅𝑅 + 2𝜔𝜔𝑞𝑞𝑡𝑡𝑡𝑡𝐿𝐿ℎ ± 𝑞𝑞𝑀𝑀 ∙
𝐻𝐻) + 𝑊𝑊𝑐𝑐 + 𝑊𝑊𝑃𝑃𝑃𝑃] = 12275 N                                            (2) 
 

Calculation of chain tension force: 
𝐹𝐹𝑐𝑐𝑒𝑒 = 1,05 ∙ [𝐹𝐹𝑚𝑚𝑚𝑚𝑐𝑐 + 𝑔𝑔 ∙ (2𝜔𝜔𝑞𝑞𝑡𝑡𝑡𝑡𝐿𝐿ℎ ± 𝑞𝑞𝑀𝑀 ∙ 𝐻𝐻) + 𝑊𝑊𝑐𝑐 + 𝑊𝑊𝑃𝑃𝑃𝑃] 
= 6521,7 N                                                                       (3) 
 
ω − friction coefficient of chain, ω = 0,55. Coefficient is 
increased 50% from one stated in the table (0,3-0,35), since 
conveyor is working on outside temperatures with 
possibility of frost in the driving channel of conveyor.  
 
qM – weight of the transported material, qM =42 kg/m 
 
𝐿𝐿ℎ𝑅𝑅𝑅𝑅- length of horizontal projection of pulling section of 
chain conveyor, 𝐿𝐿ℎ𝑅𝑅𝑅𝑅=38 m 
 
𝑞𝑞𝑡𝑡𝑡𝑡- weight of driving mechanism of conveyor (weight of 
the chain), 𝑞𝑞𝑡𝑡𝑡𝑡= 16 kg/m 
 
𝐿𝐿ℎ- length of horizontal projection of conveyor, 𝐿𝐿ℎ = 38 𝑚𝑚 
 
H – lifting height of conveyor 
 
𝑊𝑊𝑐𝑐- fricion force on the side of driving conveyor chanel, 
                                 𝑊𝑊𝑐𝑐 = 10−3 ∙ 𝜇𝜇ℎ2𝜌𝜌𝑔𝑔𝑙𝑙𝑏𝑏                          (4) 
 
𝑊𝑊𝑐𝑐 = 0, gas tanks are not touching side channels 
 
𝜇𝜇 =0,5-0,8 – friction coefficient cast iron on steel 
 
𝑊𝑊𝑃𝑃𝑃𝑃 = 0 - friction force of plowing mechanizam on the 
conveyor end. 

 
Minimal driving force is calculated: as [3]: 

𝐹𝐹𝑚𝑚𝑚𝑚𝑐𝑐 = 6000𝐵𝐵 + 40𝐿𝐿 = 6000 ∙ 0,086 + 40 ∙ 38 =
2036 𝑁𝑁                                                                             (5) 
 
B – width of driving plate surface, or in this case double 
width of the chain 
 
L – length of the conveyor, L = 38 m 
 
                              𝐵𝐵 = 2 ∙ 0,043 = 0,086 𝑚𝑚                     (6) 
 

Maximal number of gas tanks on the conveyor: 126 
tanks.  

Weight of the empty gas tank = 12,7 kg 
 

Total weight on the conveyor  
                              𝑞𝑞М = 126∙12,7

38
= 42,11 𝑘𝑘𝑘𝑘

𝑚𝑚
                      (7) 

 
Needed power on the shaft of chain sprocket:  

               𝑃𝑃𝑐𝑐 = 𝐹𝐹𝑜𝑜∙𝑣𝑣
103𝜂𝜂𝑣𝑣

=
11705∙8,33

60
103∙0,95

= 1,71 kW                     (8) 
 
𝜂𝜂𝑣𝑣 – coefficient of efficiency on sprocket shaft. 
 

Power of electro motor (minimal): 
                  𝑃𝑃𝑐𝑐 = 𝑃𝑃𝑜𝑜

𝜂𝜂𝑚𝑚𝑚𝑚ℎ
= 1,71

0,94
= 1,82 kW                            (9) 

 
𝜂𝜂𝑚𝑚𝑒𝑒ℎ - coefficient of efficiency of gearbox. 
 

Torque on the chain sprocket (empty conveyor):  
                   𝑇𝑇𝑒𝑒 = 𝐷𝐷

2
∙ 𝐹𝐹𝑐𝑐𝑒𝑒 = 978,25 𝑁𝑁𝑚𝑚                         (10) 

 
Where diameter of the sprocket is: 

D = 300 mm 
 

Motor chosen for this application has following 
characteristics: Nominal power: 3 kW Emerson, gearbox 
with transmission ratio i=103, with nominal torque M= 
1900 Nm.  
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Figure 5: Disposition of the system in the hall 

F.72



Proceedings of IX International Conference “Heavy Machinery-HM 2017”, Zlatibor, 28 June – 1 July 2017 

Prototype System for Gas Tanks Cleaning 

Elements of the system (Figure 5):  
1. Motor for conveyor 
2. Input conveyor module 
3. Standard conveyor module 
4. Module for chemical spraying 
5. Curved module 
6. Adjustment module 
7. Module for rinsing and drying aid spraying 
8. Module for drying 
9. Connecting module 
10. Channel for connection hoses 
11. Technical room for equipment 

Connection of the motor and sprocket can be seen on 
the Figure 6. 

 
Figure 6: Connection of the motor and sprocket 

Calculated torque was verified during the testing 
phase, with empty conveyer. Since motor of the conveyer is 
connected to the frequency inverter, torque can be read in 
real time on the display as percentage of the motor 
maximum torque. 

Measured torque was going from the 67% at the start 
of the motor, to 49,99% in nominal working regime  (Figure 
7).   

 
Figure 7: Generated torque on the motor 

Calculated relation between torque on chain 
sprocket on empty conveyor and maximum torque can be 
measured by frequency inverter:  
                       𝑒𝑒 = 𝑇𝑇𝑚𝑚

𝑇𝑇𝑚𝑚𝑜𝑜𝑚𝑚
𝑚𝑚𝑚𝑚𝑚𝑚 = 978,25

1900
= 0,51                          (11) 

5. CONCLUSION 
Prototype design is always heavy task, specially when 

it includes different research fields.  
In this case, first field that was explored was filed of 

industrial cleaning.  
This field, from methodology point of view in in lack 

of published articles for different industrial applications. 
For that reason, general approach, which is given through 
Siner’s circle was used. This approach doesn’t give 
quantitative analyses for washing quality, it rather gives 
recommendations of most important factors for satisfying 
cleaning results.  

Relation between Mechanical work, Chemicals – 
agents and consumptions,  Temperature of wash and Time  
elapsed for washing are giving optimal washing results. For 
mentioned application, some factors were limited due to the 
technical, , safety, and/or environmental issues.  

Mechanical force used in this application was focused 
on the water flow and pressure through nozzles in order to 
follow restriction on usage of friction in hazardous areas.  

Chemical action was limited on usage and dosage of 
the chemicals used in the washing process.   

Temperature used is limited to the maximum 
operating temperature of the both centrifugal and piston 
pumps. For centrifugal pumps this temperature is rather 
low, while temperatures on the high pressure piston pumps 
can go up to 60oC.  

Last factor – time is also limited by defined capacity 
of the system. Since demanded capacity of the conveyor 
was 500 gas tanks/hour, speed of the conveyor is at least 
8,33 m/min. This means that gas tanks must have 
satisfactory cleaning results conveying through the system 
with mentioned speed.  

With all mentioned restrictions, mechanical force is 
limited to pressure wash, temperature with maximum 
temperature that equipment can bare, time with demanding 
capacity, only type of chemicals and dosage can be changed 
in the cleaning process. This leeds to much more simple 
choice in the design of the system, having really only one 
variable.  

All mentioned above and washing technology, 
determined design of the washing system with 3 modules, 
which includes: module for chemical spraying, module for 
rinsing of chemicals along with residual dirt and drying 
module.  

Calculation of the conveyor was based on some 
assumptions for the straight line conveyor with some 
coefficient enlarged. Calculation was made based on the 
assumption that system is working on outside temperatures, 
with high friction coefficient. After measuring torque on the 
frequency inverter results were very close to calculated 
ones.  

Obviously, high friction coefficients for the low 
temperatures of the surrounding in which conveyer is 
working, covered fraction of the curved elements of the 
conveyor, but this can be the problem for complex conveyor 
paths, with curves. In order to closer describe mentioned 
problem, further research will be done. There are some 
papers on this subject written by Sumpf, Bankwitz and 
Nendel and Rasch [4], but they covered only special plastic  
multiflex chains in their work.   
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Further research of the authors will be in this field, in 
order to get more accurate calculation of the reaction forces 
of complex conveyors.  
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At the Faculty of Technical Sciences in Čačak, in 2016 was realized a machine prototype for impact testing of 
plastic pipes "Impact 2000", the project of direct cooperation with industry. It is a complex mechatronic system for testing 
of plastic pipes with impact of falling weight, according to the requirements defined by the standards SRPS EN 744: 2008 
and EN 1411: 2008 standard. 

This paper presents the implementation of an integrated approach to the design of complex technical systems, from 
conceptual design to industrial prototype. Based on the set technical requirements we made a necessary analysis, the 
analytical and experimental, and we made synthesis of the relevant data to make the system best. Were carried out some 
experimental measurements, as a verification of the obtained analytical results. Modeling, simulating and analyzing, are 
defined by the particular parameters of the process and the particular solutions for the individual segments of the system. 
We solved a number of practical problems and realized an industrial prototype. In this paper, it’s provided an overview of 
representing solutions on the world market. Based on a comparison of our machine with machines of renowned 
manufacturers, in terms of technical characteristics and economic aspects, as well as experience obtained from users after 
nine months of exploitation in production, results and conclusions of an appropriate were summarized. 

Keywords: Impact tester, falling weight, plastic pipe
1. INTRODUCTION

Machine for impact plastic pipe testing is designed 
for continuous quality control immediately after the 
production process. 

There is a huge range of these machines in the 
world, but there is not such a machine that is made in 
Serbia. These machines can be manual and semi-
automatic. 

In manual machines test procedure is performed 
using human power of workers and these machines are 
very difficult to use because it may be necessary to lift the 
weight up to 16kg at a height of two meters. 

With most semi-automatic machines lifting of 
weight at given height is made automatically, thus the 
physical effort of workers is reduced to minimum. Worker 
just have to put the particular weights on machine. Placing 
the sample pipe in position for testing in some machines 
are done manually, while the more expensive solution is 
performed automatically, using a motor drive. 

Figure 1: Qualitest Falling Weight Impact Tester Model300C [1] 

These machines have generally similar work, but 
the essential difference is reflected in the type of drive that 
is used to lift weight (electric or pneumatic drive). Also 
the big difference is in the human-machine interaction. 

An example of a machine that has a pneumatic lift 
system is a machine of American manufacturer Qualitest, 
Model 300C (Figure 1). 

The machines that use an electric motor for lifting 
weight up are presented, as an example. Model no.1713 
(Figure 2) company IPT (Germany), Universal Falling 
Weight Impact Tester company Ray-Ran (Great Britain) 
DIT302 company Vance (China), GT-7037-DA company 
GOTECH (Taiwan), etc. 

One of the best (and the most expensive) machine 
that can be found on the market, with probably the best 
user interface (Figure 3b) is Model B50 Danish 
manufacturer SCITEQ (Figure 3a). It has a pneumatic lift 
system (also-called Vacuum method). 

Figure 2: IPT Falling Weight Impact Tester Model no.1713 [2] 
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          a)               b) 
Figure 3: a) SCITEQ B50 Impact Tester; b) Interface of B50 [3] 

2. DEFINING THE PROJECT TASK

2.1. Technical requirements 
Basic technical requirements that each device for 

impact testing of plastic pipes must meet are defined in 
standards: 

- SRPS EN 744: 2008 (identical to European
standard EN 744: 2008: 1996) - Plastics piping and 
ducting systems - Thermoplastics pipes - Test method for 
resistance to external blows by the round-the-clock 
method. [4] 

- SRPS EN 1411: 2008 (identical to European
standard EN 1411: 1996) - Plastics piping and ducting 
systems - Thermoplastics pipes - Determination of 
resistance to external blows by the staircase method. [5] 

These standards define the basic structure of testing 
machines, with its basic elements (Figure 4). 

According to these standards, operator takes from 
the production line a prescribed number of samples of the 
pipe length 200±10 mm. Prepared in this way samples 
were placed on a stable steel base (i.e. V-block, Figure 
4E). Then weight that has defined mass and shape is free 
falling from the prescribed height. (Figure 5). That weight 
strikes the pipe sample placed in the V-block with its head. 
At the moment of impact, speed must be at least 95% of 
the theoretical speed of free fall. 

According to EN 744 (round-the-clock method) 
weight is always released from a height of 2 m. Standards 
prescribed number of shots, depending on the diameter of 
the test pipes. After each impact, pipe must be rotated for a 
certain angle, which is equal to 360º/n, where n - is the 
prescribed number of strikes. Masses of weight, depending 
on the diameter of the pipe, ranging from 0.25-3,2 kg. The 
shape of weight head can be of type d25 and d90 type 
(Figure 5). 

According to EN 1411 (Staircase Method) each 
sample is stroke only once, with a weight significantly 

greater than the weight of the round-the-clock methods (up 
to 12.5 kg depending on the diameter and the tube 
material). The height from which the weight is free falling 
is in the range of 0.5-2 m. The shape of the weight head 
can be of type d25 and d90 type (Figure 5). 

For most plastic materials used in the manufacture 
of pipes, the samples that are going to be tested must be 
previously cooled to a temperature 0ºC (for round-the-
clock method) or -10ºC (for Staircase method). Therefore, 
the standards defined the maximum duration of the test. 
For Staircase method, the time that elapses from the 
moment of taking the sample from the cooling chamber to 
the impact of weight, should not exceed 10s. For round-
the-clock method, the maximum time duration of the test 
depends on the diameter of the tube, is defined by the 
standard EN 744, and depending on the nominal diameter 
of the pipe (Dn) is: 10 s for Dn ≤ 110 mm; 30 s for 110 < 
Dn ≤ 200 mm; 60 s for Dn > 200 mm. 

Figure 4: Typical impact testing machine 
A - Guide; B - Graduated scale, vertically adjustable for 

different sizes of pipe; C - Main frame; D - Striker; E - Steel 
block 120°, V-shaped; F - Solid base; L - Sufficient to give a 

clear height from striker to pipe of at least 2 m. 
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a) 

b) 
Figure 4: Dimensions of strikers, two basic types  

a) Type d25; b) Type d90

2.2. Conceptual solution making 
Based on technical requirements and analysis of 

available information on existing technical solutions 
adopted methodology for designing is in accordance to the 
algorithm shown in Figure 6. 

Figure 6: The methodology conceiving conceptual design 

According to the adopted methodology parameters 
of the process was defined. Also, functions which are 
necessary for the execution of tasks was defined. Partial 
functions are divided into three phases, according to the 
manner of execution. 

Phase I - realized by the operator: 
- Placing the pipe samples on the V block;
- Selection of a standard, from database, which will be
used for testing;

- Set up the required weight.
Phase II – realized by machine: 

- Positioning the sample in position for testing;
- Positioning of weight in height for testing;
- Releasing the weight;

Phase III - realized by the operator: 
- Checking sample condition and proceed or stop

testing;
- Removal of a sample.

Define possible modes of realization of the
individual partial functions, i.e. performed the formation 
of variation solutions. Based on the technical requirements 
the necessary analysis, analytical and experimental and 

synthesis of the relevant information, the best structure 
was defined. 

Table 1: Variant solutions and selection of optimal variant 

Function Possible types of realization 

1 2 3 
Sample 
support V-block Flat steel block 

Wight 
catching 

Gripper 
system Electro-magnet 

Sample 
platform 

movement 

Trapezoidal 
screws and 

nuts 
Rack and pinion Lead screw 

with ballnut 

Weight 
movement Pipe limiters Linear rail shaft Profiled 

guide rails 
Wight 
catcher 

movement 

Cylindrical 
guides and 

slider 

Profiled guide 
rail and slider 

Platform 
movement 

drive 
AC motor DC motor Servo motor 

Weight catcher 
movement 

drive 
AC motor DC motor Servo motor 

Platform 
transmission 

system 

Gear 
transmission 

Timing belts 
transmission 

Chain 
transmission 

Weight catcher 
transmission 

system 

Gear 
transmission 

Timing belts 
transmission 

Chain 
transmission 

Control unit Relays Microcontroller PLC 
Supporting 
structure Rigid Modular 

3. STRUCTURAL ELABORATION
This phase of the design process refers to the 

concretization of the concept of variant solutions adopted. 
It comes down to finding the most appropriate structural 
solutions, based on the information specified in the list of 
demands. This leads to the main dimensions of the 
machine, according to which can be made a general 
conceptual design of machines, for several parallel 
versions. This is followed by elaboration of each variant, 
the performance of calculations and kinematic analysis of 
movement necessary for the realization of the testing 
cycle. Modeling, simulating and analyzing, are defined by 
the particular parameters of the process and the optimal 
solutions for the individual segments of the system was 
determined. For building the 3D model, simulation of 
movements and for the structural analysis (FEM) software 
package SolidWorks was used. When testing virtual 
models [6-9] yielded satisfactory results, the technical 
solution was finally adopted, the technical documentation 
was made - drawings of individual elements, sub-
assemblies and assemblies. 

3.1. Experimental testing 
For testing of critical demands the laboratory setup 

was made (Figure 7). On this setup, velocity and 
acceleration during the free fall of trolley along guides was 
measured. This setup provides experimentally 
confirmation the speed at the moment of impact is larger 
of 95% of the theoretical velocity of free fall given in 
standard. The procedure consisted of measuring the time 

Forming 
the 

structure 

Forming of 
variation 
solutions 

Choosing 
of optimal 

solution 

G.3



Proceedings of IX International Conference “Heavy Machinery-HM 2017”, Zlatibor, 28 June – 1 July 2017 

I. Milićević, M. Božić, V. Vujičić, R. Slavković, Z. Jugović

required for the weight travel a predefined path - in this 
case path of 2 m. The sensor system is composed of a 
permanent magnet attached to the moving trolley and 
stationary Hall sensor. 
Detecting the position of the weight is done by two sensors 
based on the Hall-effect, installed at the end positions at a 
distance equal to the length of 2 m, i.e. the path that the 
weight needs to move. The primary output parameter is the 
time of the fall of the weight. Sensors detect the effect of a 
permanent magnet mounted on the weight that are moving 
down the cylindrical guides. Accurate measurement of 
time is performed using a digital oscilloscope (Fig. 8). 
Processing of the results, i.e. calculation of acceleration 
and speed of the weight on the basis of the measured time 
is described in detail in [10]. 

Figure 7: Laboratory setup for pipe impact testing 

Figure 8: Speed of free fall measurement on a digital 
oscilloscope 

On the same laboratory setup, numerous 
experiments and testing the control and measuring system. 
were also carried out. After analyzing the results and 
drawing conclusions the creation of the machine began. 

4. DESCRIPTION OF REALIZED TECHNICAL
SOLUTION

4.1. Construction 
The final appearance of the 3D model of the 

adopted technical solution is shown in Figure 9. 

Figure 9: 3D model with projected dimensions [11] 

As the machine has a great height (4 m), for easy 
transportation and assembly, the machine consists of two 
assemblies, the upper and bottom sub- assembly. 

1) The bottom sub-assembly – represents a
protected chamber in which will be placed the pipe for 
testing. The chamber is protected with a transparent door 
and lighted from the inside. During testing it is very easy 
to see the condition of the pipe sample. During the testing 
phase, the door is locked. Inductive proximity sensor [12] 
detects when the door is open and triggers the alarm. The 
chamber has a possibility of automatic height positioning 
of the pipe sample. Maximum sample diameter is 630 mm. 
The sample holder is V shape prism which is defined by 
the standard. The lifting mechanism of the V shape 
consists of a ball and screw spindle which drives an 
asynchronous motor controlled by a frequency converter. 

2) The upper sub-assembly – Represents a module
for weight lifting, positioning and releasing. Maximum 
weight lifting is 12kg and maximum lifting height is 2m. 
Lifting and positioning was implemented using a servo 
motor drive technology. Catching of weight sets is realized 
using electromagnets. After the electromagnet catch the 
weights, trolley on linear guides are raised to the required 
height. After reaching the required height weights are 

G.4



Proceedings of IX International Conference “Heavy Machinery-HM 2017”, Zlatibor, 28 June – 1 July 2017 
 

Machine for Impact Testing of Plastic Pipes - IMPACT 2000 Design, Development and Prototyping 

released and fall free. The linear movement of the trolley 
is realized by using a timing belt and linear guides. This 
module is also implemented in the form of a chamber 
which has a door for easy access for change the weight 
sets. The front of the module is transparent and 
illuminated. Transparent front allows observation of the 
rising and falling of the weight sets. Lighting provides 
information about the current state of the machine. 

4.2. Human machine interface and control 
Machine control is based on PLC technology [13], 

[14] and interaction with machine is implemented through 
color HMI display (Figure 10). Control of machine is very 
simple and intuitive. It is realized in such a way that 
guides the operator through the process of testing. 
Machine has in its memory all the standards relating to 
pipe testing. There is also possibility of implementation of 
the internal standard on customer's request. There are three 
levels of access to machine: the operator, controller and 
service. 

Immediately after the starting the machine performs 
initialization. Initialization brings all moving parts of the 
machine in home position (Figure 10b). After successful 
initialization, the operator must choose standard for pipe 
testing (Figure 10c). Human machine interface leads 
operator through the procedure, so in this way there is 
small possibility for errors. In bottom part of HMI screens 
there is status line through which operator has information 
about current machine state. Next step is choosing the 
desired test method (Figure 10d) and the relevant pipe 
diameter (Figure 10e). Based on the selection of these 
parameters, the HMI receive all the data required for 
testing so, the necessary mass of weight sets, the shape of 
impact head and the height from which the weight will fall 
(Figure 10f). 

  
        a)               b) 

  
        c)               d) 

  
        e)               f) 

Figure 10: The screens of HMI from start to test point 

4.3. Safety functions 
During designing the machine, special attention 

was paid to safety functions. The request was to 
implement protective system that will eliminate the human 
factor. Testing cannot start if the doors are not closed. 
Both doors are equipped with electromagnetic locks which 
automatically lock the doors and cannot be opened 
manually when the testing procedure is in progress. Built-
in light signaling provides information on the current state 
of the machine. If the front panel shines red this means 
that the door is locked, it is potentially dangerous to open 
the door because of the moving parts. If the front panel 
shines green this means that the door is unlocked and it is 
safety to open door to rotate sample, change weight set etc 
(Figure 11). Operation is implemented in such a way that 
it cannot enter the next step if all necessary conditions are 
not met. After completion of the testing of each sample, 
test data are automatically saved to the USB memory. 

 
Figure 11: Falling Weight Impact Tester - IMPACT 2000 
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4.4. Machine technical specifications 
 Automatic positioning of the height of the weight

release
 Motor lifting and automatic positioning of the V-

block
 Speed measurement
 Safety functions
 Operator panel with color touch screen
 Simple and intuitive interface
 Guiding through testing procedure
 Implemented standard base
 Three level of access control
 Saving data to USB stick
 Test samples diameter range Ø 32 - 650 mm
 Speed of impact is not less than 95% of free fall
 Maximal weight height is 2000mm
 Weights: Up to 12.5 kg
 Power supply: 230V/400V, 50 Hz
 Dimensions machine: 1540x700x4000 mm

5. CONCLUSION
The development of mechatronic systems burdened 

by a series of insufficiently explored segments. Existing 
knowledge and reference literature does not explain and do 
not give sufficiently recommendations in a way that would 
allow an efficient and generally applicable concept of 
solving complex technical problems and design of 
complex production systems. 

Mechatronic approach to engineering design of 
complex technical systems based on the integration of 
various scientific disciplines to be applied at each stage of 
design, to achieve optimal solutions. Such a solution 
cannot be achieved by conventional method, individual 
examination of system components belonging to different 
scientific fields, but requires a comprehensive analysis of 
the entire system. 

In this paper, theoretical and experimental study of 
the design of complex technical system was performed. 
Practical example of implementation and embodiments of 
the mechatronic systems was shown on machine for 
testing plastic pipes IMPACT 2000. A complex concept of 
equipment that is enabled to indicate the complexity of the 
design of the mechatronic system, perform the necessary 
analysis, the analytical and experimental character, and the 
synthesis of the relevant data structure defines the best 
system. 

The machine meets all the necessary criteria, both 
in terms of functionality and design, and from the 
standpoint of safety at work and technical characteristics 
are not inferior to machines from renowned European and 
world producers. This technical solution, from concept to 
implementation, is fully implemented by the project team 
of the Faculty of Technical Sciences in Čačak and 
represents a contribution to the domestic industry. In the 
domestic market, there is no such machines... 

Future research can be carried out in the direction 
of constructing machines that would have the ability to 
automatically rotate the pipe test samples. According to 
the conducted research, the machine with such 
opportunities do not currently exist on the world market. 
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The selection of optimal solution for road construction mechanization has been presented on the example of access 
road construction. For selection between possible alternatives the Promethee method of multi-criteria decision analysis 
has been used. The alternatives were evaluated through the several criteria (number of mashinery, total cost, time, 
machinery reserve, practicle effect, number of people, price of effective working hour) and the impact of each criteria on 
the final ranking of alternatives has been analyzed. The optimal solution was determined by comparing the two differend 
scenarios (with different relative weights for criterias) in the multicriteria decision analysis model. Conclusions on each 
criteria influence on final ranking were presented in this paper. 

 
Keywords: Multicriteria decision analysis (MCDA), Promethee, relative weights

1. INTRODUCTION 
In this paper, attention was given on solving the 

multicriteria problems wich primarily requires the 
definition of a system of criteria, and then defining relative 
importance of criteria before the final ranking. The 
selection process of the systems optimal concept is 
multidisciplinary and requires a comprehensive approach 
[1]. Determination of the optimal solution is a decision-
making problem, when selection of one of the possible 
alternatives was evaluated through many different criteria. 
For good decision making, reliable basic data are not 
enough,  adequate and a scientifically based 
methodological support are required [2,7]. 

 
Having in consideration the large number of 

influences through several criteria evaluation of 
alternatives, leads to the selection of the best or the 
optimal alternative [3,8]. The optimal solution is an 
alternative that provides maximum value of criterion 
function according to all criteria, while satisfying all given 
limitations [4,6]. 

 

2. METHODS AND MATERIALS 
 
The optimal solution of the considered problem 

was determined using a multi-criteria analysis method 
called PROMETHEE. Method PROMETHEE (eng. 
Preferance Ranging Organization Methods of Evaluation 
Enrichment) solves the problem of multiple criteria 
ranging of possible alternatives using the predefined 
functions of criteria evaluation [9, 10]. 

 
Based on the specified alternatives and defined 

criteria functions for each criterion, the method 
PROMETHEE, determines the preference function for 
each pair of alternatives. The inclusion of weight 

coefficient in this model allows the assignment of 
importance (or the relative weight) of certain evaluation 
criteria in comparison to another criteria. This is a very 
important characteristic of this method because it allows to 
analyze the same alternatives using the same criteria but 
with different importance (relative weights) of these 
criteria [11]. Based on the determined values of the 
preference index for each pair of alternatives, the 
PROMETHEE method determines the value of positive 
(output) and negative (input) preference index flow for 
each alternative. Using the positive and negative 
preference index flow for each alternative, it is possible to 
make a partial ranking of alternatives, and it is possible to 
determine which alternatives are mutually comparable, 
and which are not [13,14]. With PROMETHEE method it 
is possible to do the final ranking of considered 
alternatives using the function of ’’pure’’ or the netto 
preference index flow [12]. The multi-criteria model is 
offering the optimal solution according to the parameters 
entered into the model of multi-criteria analysis to the 
decision maker[5,6]. 

 
Materials for all analysis in this paper were taken 

from experts work (Božović Ž.) [15] and project 
documentation (Saobraćajni institut CIP, 2010). 

 

3. MDCA MODEL 
Multicriteria optimization model has been used to 

determine the optimal variant of the road construction 
mehanization for building final pavement layers on the 
road building ’’Severna tangenta - LOT 5 ''. The 
PROMETHEE multi-criteria optimization method has 
been used to determine the optimal variant of the road 
construction mehanization for construction works on the 
described road route. The created model was used to 
choose among three available variants of the road 
construction mehanization for road building. 
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The following table shows the possible variants of 
the road construction mehanization: 

Table 1: Posible alternatives of road construction 
mechanization 

Var. Road construction mechanization No. 

V1 

1. Asphalt base MARINI 200t 1 
2. Dumper truck Man DFK 16 
3. Asphalt paver VOLVO ABG 5820 1 
4. Vibro roller DYNAPAC CC122 2 
5. Vibro roller BOMAG 190 AD-4 HF 1 
6. Vibro roller BOMAG BW 284 AD 1 

V2 

1. Asphalt base MARINI 200t 1 
2. Dumper truck Man DFK 16 
3. Asphalt paver VOGELE SUPER 1800 1 
4. Asphalt paver VOGELE SUPER 2100 1 
5. Vibro roller DYNAPAC CC122 2 
6. Vibro roller BOMAG 190 AD-4 HF 1 
7. Vibro roller BOMAG BW 284 AD 1 

V3 

1. Asphalt base MARINI 200t 1 
2. Dumper truck Man DFK 5 
3. Bagger Takeuchi TB145 1 
4. Asphalt paver VOGELE SUPER 800-3i 1 
5. Vibro roller BOMAG BW 900-50 3 

The evaluation of possible alternative solutions was 
performed by forming a multi-criteria optimization model  
according  to Promethee method. According to available 

data seven criteria has been created for evaluating the 
alternative solutions. In the Table 1 are shown the adopted 
criteria for evaluation of alternative solutions, with the 
values of criteria for each parameter, whether the criterion 
maximizes or minimizes and the measurement units for the 
values of the each criterion parameters. 

Criterion ’’C1. Number of machines’’ was 
determined by counting the total number of engaged 
machines by variant solutions. Criterion ’’C2. Number of 
people’’ was determined as the counted number of people 
required for operating and servicing the selected machines. 

Criterion ’’C3. Practicle effects of work’’ is defined 
as the minimum practical effect of certain types of 
machines for each variant of the machinery selection. 
While the criteria ’’C4. Price of effective working hours’’ 
was specified for each variant solutions as the sum of costs 
divided with practical effect. 

Criterion ’’C5. Machinery reserve’’ was 
determined as the ratio of the maximum and minimum 
practical effect, and shows how much, in theory, the 
efficiency could be increased, or how big machinery 
reseve was. Criteria ’’C6. Time for finishing the project’’ 
evaluated the time required to complete a given project. 
Criterion ’’C7. Total cost’’ weighted overall cost of all 
works on building the specified road route. 

Table 2: Imput data for multiple criteria optimization 
Valuation of variants Variants 

Criteria Units max/min V1 V2 V3 
C1. Number of 

machines number max 22 23 11 

C2. Nomber of 
people number min 29 32 19 

C3. Practicle effect of 
work m3/h max 54.19 55.20 25.20 

C4. Price of effective 
working hour eur/h min 2669.83 2814.29 2379.87 

C5. Machinery 
reserve / max 9.810 10.130 4.865 

C6. Time for 
finishing project days min 527 509 568 

C7. Total cost mil.euro min 16.884 17.189 16.221 

Figure 1 shows a model for multi-criteria analysis 
created in the Visual Promethee 1.4. software. 

On this way formed multi-criteria optimization 
model, for each of the three alternative solutions it was 
considered which of the criteria may influence the values 
of the positive (output) preference index flow, and which 
of the criteria may influence the values of the negative 
(input) preference index flow. 

Figure 2 shows a diagram of individual criteria 
impact on the value of preference index current for all 
three alternative solutions. 

In Figure 2, on the upper side of the axis ’’0-0 ’’ 
are listed the names of the criteria that form the value of 
the positive (output) preference index flow, and on the 
lower side of the axis ’’0-0’’ are listed the names of the 
criteria which give the value of the negative (input) 
preference index flow for all three alternative solutions. 

G.8



Proceedings of IX International Conference “Heavy Machinery- HM 2017”, Zlatibor, 28 June – 1 July 2017 
 

Multi-criteria Selection of Optimal Mechanization for Road Construction 

Figure 1: MCDA model in Visula Promethee 1.4. software 

 
 
 
As shown on Figure 2, for a variant solution V1, 

positive (output) value of preference index flow  provides 
criteria: ’’C3. Practicle effect of work’’, ’’C5. Machinery 
reserve’’, ’’C1. Number of machines’’ and ’’C6. Time for 
finishing project’’, and the negative (output) values of 
preference index flow for this variant solution provides 
criteria: ’’C2. Number of people’’, ’’C7. Total cost’’ and 
’’C4. Price of effective working hour’’. 

 
For a variant solution V2, positive (output) value of 

preference index flow  provides criteria: ’’C6. Time for 
finishing project’’, ’’C3. Practicle effect of work’’, ’’C5. 
Machinery reserve’’ and ’’C1. Number of machines’’, 
while the negative (output) values of preference index 

flow for this variant solution provides criteria: ’’C2. 
Number of people’’, ’’C7. Total cost’’ and ’’C4. Price of 
effective working hour’’. 

 
For a variant solution V3, positive (output) value of 

preference index flow  provides criteria: ’’C4. Price of 
effective working hour’’, ’’C3. Practicle effect of work’’, 
’’C7. Total cost’’ and ’’C2. Number of people’’, while the 
negative (output) values of preference index flow for this 
variant solution provides criteria: ’’C1. Number of 
machines’’, ’’C5. Machinery reserve’’, ’’C3. Practicle 
effect of work’’ and ’’C6. Time for finishing project’’. 

 
 

 

Figure 2: Criteria impact on preference function value 
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4. RESULTS

Based on the sensitivity analysis of criteria impact 
on the optimization model, two scenarios for the 
calculation of the optimal solution were formed: 

Scenario S1 - all criteria have the same relative weights 

According to this scenario all criteria have equal 
relative importance (weight) for the selection of optimal 
solution. Based on the model established this way, for the 
scenario S1 obtained results are shown in Figure 3. 

The upper part of Figure 3 shows diagram of 
comparison alternative solutions with PROMETHEE II 
method for scenario S1, in terms of function of pure or net 
flow, while the lower part of Figure 3 shows that all the 
criteria for scenario S1 have the same coefficients of 
relative weights. 

Scenario S2 – the different relative weights of the 
criteria 

This scenario shows what solution will be obtained 
if the relative weight of some criterias increase the value. 
Based on the a sensitivity analysis, the relative weight 
values of these criterias were increased: ’’C4. Price of 
effective working hour’’ and ’’C7. Total cost’’. 

Based on the model established this way, for the 
scenario S2 obtained results are shown in Figure 4. The 
upper part of the figure 4 shows the comparison diagram 
of alternative solutions according to function of pure or net 
flow for scenario S2 with PROMETHEE II method, while 
on the lower part of Figure 4 shows the distribution of the 
weight coefficients by the criteria,where can be seen that 
the criteria: ,,C4. Price of effective working hour’’ and 
,,C7. Total cost’’, participates with 27% each, while the 
other criteria participate with 9% share in the total value of 
criteria weight sum. 

Figure 3: Scenario S1 results 

Figure 4: Scenario S2 results 
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From the the previous figure 3 can be seen that the 
scenario S1, according to which all the criteria have the 
same values of relative weights, obtained variant V2 as the 
optimal solution of the considered problem. 

 
For the scenario S2, according to which criterias 

’’C4. Price of effective working hour’’ and ’’C7. Total 
cost’’ have higher values of relative weight in comparison 
to other evaluation criterias, as the optimal solution of the 
considered problem obtained variant V1 of road 
construction machinery. 

 
The question arises: ’’What solution should be 

adopted?’’ 
 

5. DISCUSSION OF THE OBTAINED RESULTS 
 
Although the multi-criteria optimization method 

Promethee II give the final ranking of considered 
alternatives based on the preference index function of the 
net flow, necessary is to apply the multi-criteria 
optimization method Promethee I, which gives a partial 
ranking of considered alternatives and opportunity for 
inter-comparability analysis of the alternatives. 

For the scenario S1 graphical representation of the 
results of Promethee I method has been given in the figure 
5. 

 
Figure 5: Results of Promethee I method for scenario S1 

 
 
Figure 5 shows on the angular axis specified values 

of positive and negative preference flow, and the 
intersection points correspond to the functions of net flow. 

 
The figure 5 shows that the values of of a positive 

and a negative flow for all three alternative solutions are 
not mutually intersect, from which it may be concluded 
that all three alternative solutions are mutually 
comparable. 

For the scenario S2, graphical representation of the 
results of Promethee I method are shown in Figure 6. 

Figure 6 shows that the values of of a positive and a 
negative flow for all three alternative solutions intersects 
mutually, resulting in the conclusion that these alternative 
solutions are mutually incomparable. 

 
For understanding the obtained results it is 

necessary to get back to the model stability analysis and to 
check why the increase of the relative weights for these 
two criteria results that alternative solutions becomes 
mutually incomparable for the scenario S2. 

Figure 7 shows the changes in the values of 
positive and negative preference flow for all three 
alternative solutions in comparison with the change of the 
relative weight of criteria ’’C4. Price of effective working 
hour’’. On figure 7, the value of the relative weight of 
27%  is marked for the scenario S2. 

 
Figure 6: Results of Promethee I method for scenario S2 

 
 
 
Figure 8 shows the changes in the values of 

positive and negative preference flow for all three 
alternative solutions in comparison with the change of the 
relative weight of criteria ’’ C7. Total cost’’. On figure 8, 
the value of the relative weight of 27%  is marked for the 
scenario S2. 

 
The sensitivity analysis of the criteria ’’C4. Price of 

effective working hour’’ and ’’C7. Total cost’’ sets these 
criterias as the criterias that can increase the value of the 
net preference flow for the variant V1 and reduce the value 
of the net preference flow for the variant V2. 

 
Figures 7 and 8 shows that the adopted values of 

weight coefficients, of criteria: ’’C4. Price of effective 
working hour’’ and ’’C7. Total cost’’, of the 27% causes 
the that alternative solutions becomes mutually 
incomparable. 
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Figure 7: Impact of relative weight of C4. criteria 

Figure 8: Impact of relative weight of C7. criteria 

6. CONCLUSION

In this paper was analyzed what impact on the 
model's stability will have increase of criterias relative 
weight for: ’’C4. Price of effective working hour’’ and 
’’C7. Total cost’’ criterias, according to the scenario S2. It 
has been shown that this model, for the scenario S2, does 
not provides good results, because the alternative solutions 
are mutually incomparable. For consider problem the 
optimal solution is the selection of road construction 
mechanization V2, according to the scenario S1, with 
equal weight coefficient values for all the criteria. 

The biggest problem of  multi-criteria optimization 
methods is a large quantity of subjective decisions, form 
the stage of the criteria and variant selection as well as in 
the stage of the relative weights of the criteria 
determination. 

The increase in the relative weights of the criteria 
in multi-criteria analysis could result the mutually 
incomparable alternative solutions, as shown in the 
example scenario S2. 

When there is a need for the increasing the relative 
weights of the certain criteria, it is necessary to perform a 

sensitivity analysis of relative weights increasing, and also 
the application of Promethee I method to show whether 
the alternative solutions are mutually comparable. 

Removing the impact of subjective decisions in the 
multi-criteria optimization process, by forming a 
algorithms and analysis to determine the relative weights 
of the individual criteria, remains a topic for further 
research. 
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Prediction of Acoustic Properties of Porous Building Materials 
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This article presents an empirical model for predicting acoustic properties of a composite material which is a 
mixture of sand and polyurethane resin as the binder. The parameters of the model were determined based on the 
experimental testing of samples with the thickness from 10mm to 50mm. Measurements of the sound absorption coefficient 
were performed in the impedance tube using the transfer function method (SRPS EN ISO 10534-2: 2008). The same 
samples were used for measurement of the air flow resistance in order to form an empirical model. The measurements were 
made according to the method defined by SRPS ISO 9053:1994. It was concluded that the proposed model can be used in 
order to predict the absorption properties of sand as well as of other building materials whose grain structure is air 
permeable. 

Keywords: Empirical model, Sound absorption, Sand, Material structure
1. INTRODUCTION 

Today, noise has become a serious problem. In 
order to reduce its negative impacts in the form of hearing 
loss or a sleep disorder, people are looking for better 
acoustic solutions that will improve their living conditions. 
A lot of research is based on the development of materials 
that are suitable for sound absorption and noise reduction. 
Therefore, there is an increasing demand for materials 
with a high coefficient of sound absorption. As noise is a 
growing problem in the world, the research in the sound 
absorption of materials gains importance. Sound-absorbing 
materials are used to improve indoor acoustic comfort, and 
in recent years their application in the open has been 
increased in the form of absorption barriers. Among other 
things, protection against noise is one of the segments 
where natural materials, such as granular and fibrous, has 
a prominent place. Therefore, these materials are the 
subject of numerous studies. 

Composite materials are increasingly used for 
sound insulation. Particularly important are the so-called 
organic compositions, such as rubber, plastics and the 
materials that represent a waste of industrial processes. 
Zainulabidin et al. [1] studied the acoustic properties of 
two materials: rubber sponges and fiber glass wool. 

The prediction of acoustic properties of materials 
from recycled rubber and polyurethane resin was 
performed using the model Allard & Champoux [2]. New 
innovative sound absorbers based on organic materials 
have great potentialс in the future because they are 
cheaper compared to other available materials [3]. 

Soleimani [4] and others examined the acoustic 
properties of a mixture of wood fibers and recycled 
plastics. Our results show that the addition of nano-clays 
in composite resin decreases water absorption and that 
plastics have a negligible water uptake. Perna [5] and 
others studied the absorption coefficient of materials 
which results from the mixing of sand and geopolymers. 
Geopolymers were used as a substitute for epoxy resin. 

Mahzan S. et al. [6] investigated combinations of 
materials in which coconut is used as the main raw 
material and recycled rubber as a raw material with the use 

of polyurethane as the binder. Tests have shown that the 
absorption of this mixture is suitable for medium and high 
frequencies. The samples with 25% recycled rubber gave 
absorbance values greater than those that had 35% 
recycled rubber. 

Semiha Yilmazer and Mesut B. Ozdeniz [7] 
analyzed the effect of moisture content on the acoustic 
properties of panels made of expanded perlite. The best 
results in terms of sound absorption in a moist 
environment were produced by silicate coated perlite. 

Perna Ivana et al. [8] tests were performed based on 
the determination of the absorption coefficient of the 
material formed as a mixture of sand and geopolymers. 
The results showed that geopolymer-sand mixtures have 
good absorption properties and can be used as a substitute 
for epoxy resin. The mixing of two different fractions of 
sand results in a higher absorption coefficient. Another 
result of improving the sound absorption of this type of 
material is the possibility of its installation between other 
types of composite materials. 

2. MATERIAL 
By their nature, materials can be classified into two 

main groups: natural and artificial. Natural materials are 
those that can be installed in buildings without processing, 
such as wood, stone, sand, gravel, grain, materials of 
vegetable origin, while artificial materials, e.g. cement, 
gypsum, bricks or concrete are not found in nature - they 
are obtained through special technological procedures. 
Sand is a natural granular material. It is obtained by 
natural crushing and disintegration of rocks, where the 
level of fragmentation of the rock material is quite large. 
Sand can be described as an unconsolidated sediment with 
the size of grains of up to 4mm. In order to trace the grain 
size distribution, two methods are used: the method of 
sieving and the sedimentation method. With regard to the 
grain size of aggregates used in construction, the grain size 
distribution of these materials is most commonly defined 
by the sieving method [9].  

Therefore, both of these experimental studies 
performed on circular patterns were made of sifted sand 
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and a binder. The structure of the sample was formed by 
using granules of sand, gravel, and 10% of polyurethane 
resin as the binder. The binder has the same percentage 
share in all samples. The maximum size of granules was 
determined by the size of the mesh openings of 3mm. The 
samples were poured into moulds with the diameter of 
100mm and a thickness of 10mm, 20mm, 30mm, 40mm 
and 50mm. 

Figure 1: A sample of the mixture of sand and 
polyurethane resin 

3. METHODS
The measurement of absorption was carried out in 

an impedance tube, by applying the transfer function 
method between two microphones, described by the 
standard EN ISO 10534-2 [10]. This method is based on 
the decomposition of a standing wave formed in the tube, 
by recording signals from the two microphones and 
calculating their transfer function. The reflection 
coefficient is calculated from the transfer function, and 
then the absorption coefficient is found in the conditions 
of normal incidence. 

21 Rα = −         (1) 

where: R is the reflection coefficient which is calculated 
according to the expression: 

( )2
jks

j k l s
jks
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e H

−
+−

=
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    (2) 

where: H – the corrected transfer function, s – the distance 
between the microphones, l – the distance of the 
microphone which is closer to the sample, k – the wave 
number. 

The method with a constant air flow was used for 
measuring airflow resistance, according to the standard 
ISO 9053:1991 [11]. The practical realization of the 
system for measuring airflow resistance is presented in 
paper [12]. The measuring cell has the form of a circular 
cylinder; it is made of plexiglass so that placing of the 
sample could be visually monitored. The inner diameter of 
the measuring cell is 100 mm. The vacuum pump 
ZAMBELLI, type ZB1 is used as a device for creation of 
airflow. The airflow is measured by means of a ball 
rotametre. The measuring range of the rotametre is 2÷30 
l/min. A differential pressure meter TESTO 512 is used for 
measuring the pressure drop through the sample. This 
gauge has a measuring range of 0-200 Pa with the 

resolution of 0.1 Pa. The error of the measurement 
equipment is smaller than required by the standard [11]. 

Figure 2: A view of the realized measurement system for 
determination of airflow resistance 

Figure 3: Block diagram of the steady-state airflow system 

4. PROPOSAL OF A NEW EMPIRICAL MODEL FOR
DETERMINATION OF ACOUSTIC PROPERTIES OF

GRAIN MATERIALS 
Theoretical models require five input parameters, 

which cannot often be simply and reliably determined. 
This is the main weakness of the so-called 
phenomenological or micro models for determination of 
acoustic properties of porous materials. Therefore, an 
experimental macro model for prediction of acoustic 
properties of composite materials made of sand, gravel and 
polyurethane resin is developed in this paper. The main 
advantage of such models is in their having one input 
parameter – longitudinal airflow resistance. 

Sound propagation in an isotropic homogeneous 
material can be represented by the characteristic 
impedance (Zc) and the constant of sound propagation in 
the absorption material. 

cZ R jX= +     (3) 

jγ α β= +                (4) 

Starting from the well-known Delany & Bazley 
relations: 

2

0
0 0 11

CfR c C
r

ρ
ρ

−  = +  
   

  (5) 

4

0
0 0 3

CfX c C
r

ρ
ρ

−  = −   
   

     (6) 

6

0
5

0

2 Cff C
c r

ρπα
−    =     

     
   (7) 

G.14



Proceedings of IX International Conference “Heavy Machinery- HM 2017”, Zlatibor, 28 June – 1 July 2017 

Prediction of Acoustic Properties of Porous Building Materials 

8

0
7

0

2 1
Cff C

c r
ρπβ

−    = +    
                        

(8) 

where R and X are the real and imaginary parts of the 
characteristic acoustic impedance Zc, and α and β the real 
and imaginary parts of the constant of propagation (γ) of 
sound in the absorption material, ρ0 – the air density, f – 
the frequency, and r – the longitudinal airflow resistance. 

Starting from the equations (9) through (13) and the 
recommendations of the European standard EN 12354-
6:2003, the diffusion coefficient of sound absorption of 
porous materials can be calculated. For a diffuse acoustic 
field, the absorption coefficientmože αs can be defined as: 
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where: 
ϕ -  the angle of incidence, in radians, 
αϕ -  the absorption coefficient for the plane sound 
wave, related to the angle ϕ, 
rϕ -  the reflection coefficient for the plane sound 
wave, related to the angle ϕ, 
Z' -  the normalized surface impedance of the layer  
     - the normalized characteristic impedance of the 
absorption material, 
d - the layer thickness, in metars. 

The empirical macroscopic model for 
determination of acoustic properties of composites made 
of sand, gravel and polyurethane resin are rarely available 
in the scientific literature. The new model for prediction of 
acoustic properties of the mentioned composite was 
developed by applying the method of least squares. The 
calculation of coefficients C1, ..., C8, was done in such a 
way that the deviations of the absorption coefficient 
should be minimum in relation to the values obtained by 
the mesurements in the impedance tube. 

The accuracy of prediction of the absorption 
coefficient was evaluated on the basis of the value of 
absolute and relative errors in relation to the measurement 
values in the impedance tube. The comparative analysis 
showed that new models for determination of the 
absorption coefficient give the values of absolute and 
relative errord within the allowed limits, defined for this 
type of empirical models. 

 
 
 
 
 
 
 

Table 1: Empirical model for determination of acoustic 
properties of sand 

Material Sand 
Longitudinal 

airflow 
resistance, r 
[Pas/m2] 

72032 

Characteristic 
impedance, Zc 

( ) ( )1.107 0.700
0 0 1 0.010 0.492cZ c C i Cρ  = + ⋅ − ⋅ 

 

Propagation 
coefficient, γ 

( ) ( )0.007 1.030

0

2 0.840 1 0.477f C i C
c
πγ  = ⋅ + + ⋅ 

 

Absorption 
coefficient 

EN123546:2003 

/2

0

sin 2s d
π

ϕα α ϕ ϕ= ∫  

Mean absolute 
error, α∆  0.0383 

Mean relative 
error, ε [%] 30.69 

5. MEASUREMENT RESULTS 
The measurement results for the absorption 

coefficient of different patterns of sand on the diagram. 

 
Figure 4: Empirical and experimental values of the 

absorption coefficient of sand 
The following can be concluded for sand: 

• the absorption coefficient of sand has 
considerably lower values than the absorption 
coefficient of recycled rubber and recycled 
plastics within the whole frequency range, 

• the absorption coefficient of sand also increases 
with the increase in frequency up to a certain 
value, and then it decreases and has a maximum 
at considerably lower frequencies in relation to 
rubber and plastics, 

• the material thickness also influences the increase 
of the absorption coefficient, but it behaves 
differently at low and high frequencies. At higher 
frequencies, over 1000 Hz, there is no point in 
using materials thicker than 20 mm because they 

'
cZ
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cause an opposite effect, i.e. they decrease the 
absorption coefficient. At lower frequencies, e.g. 
about 400 Hz, the effect of absorption coefficient 
is evident up to the thickness of 45 mm, 

• in comparison with recycled rubber and plastics,
sand has considerably worse absorption
properties at the frequencies above 630 Hz, but it
has considerably better properties at the
frequencies from 400 to 630 Hz.

The deviation of the absorption coefficient obtained 
by the application of the newly proposed model in relation 
to the measurements in the impedance tube is 3.83%, [13] 
which is very good in comparison with the most frequently 
used limit value of 10% from the available scientific 
literature. The mean relative error has a slightly higher 
value of 35%, but it is primarily the consequence of 
deviations at greater thicknesses of samples and higher 
frequencies. 

Figure 5: Absolute and relative error model
6. CONCLUSION

This paper presents the methodology of forming a 
macroscopic empirical model to predict acoustic properties 
of composite sand and polyurethane resins. The measured 
longitudinal airflow resistance for five different sample 
thicknesses was used as an input parameter for the model. 
The new model was confirmed by good absorption 
properties of composites in relation to recycled rubber and 
recycled plastic. The mean absolute error of the new 
model is 3.83% compared to the measured values of sound 
absorption coefficient in the impedance tube. Based on 
this, the new model can be considered to be a good 
estimate of the acoustic properties of sand with the 
maximum grit size of up to 3 mm, applying a binding 
agent of polyurethane resin. With the increasing number of 
materials that can be applied to the new model, one can 
expect its improvement in terms of predicting acoustic 
properties. Given that the analyzed material has a granular 
structure, it is realistic to expect that this model can be 
applied to predict the acoustic properties of other porous 
materials with a granular structure. 
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Flotation tailings from copper mining and smelting plants are industrial waste and their disposal presents 
ecological problem. We have investegated usage of two different types of flotation tailings as mineral additives for 
production of self-compacted concrete (SCC). First tailing is mainly derived from flotation of the mining ore and second is 
derived from flotation of secondary raw material in copper smelting plant. Mechanical characteristics (compressive, 
flexural and tensile splitting strength) were tested on specimens of SCC with flotation tailings and compared with 
mechanical characteristics of comonly used self-compacted concrete with limestone powder as mineral additive. In all 
concrete mixtures were maintained same water-cement ratio of 0.5 and same water-powder ratio of 0.385. 

Keywords: Self-compacting concrete, Mechanical characteristics of concrete, Flotation tailing, Limestone powder    
1. INTRODUCTION 

In the last few decades increasing attention has 
been directed towards the ecological problems following 
the fast industrial progress, and one of the most important 
of these problems is the disposal and recycling of waste 
materials and industrial by-products. On the other hand, 
concrete is used very often as the construction material, 
and since it is possible to add various materials to the 
mixture, even the industrial waste products, addition of 
these materials in concrete can contribute to solving the 
problem of their disposal. However, in order to achieve 
this goal, it is necessary to find out how these materials 
affect the characteristics of concrete and in which 
proportions they can be added to the mixture in order not 
to disturb the desirable characteristics that make concrete 
such a useful building material. The aim of this paper is 
the analysis of influence of flotation tailings, which occurs 
in the copper production process, used as the mineral 
additive for concrete, on the compressive, flexural and 
tensile splitting strength, that in the authors' opinion 
represents a solid basis for further investigation of the 
wider use of these, "eco-friendly" concretes in everyday 
construction practice.  

Self-compacting concrete (SCC), according to 
many authors “the most revolutionary discovery of 
concrete industry of the 20th century”, does not need 
vibrating when placing and compacting. Under the 
influence of its own weight, it completely fills all parts of 
the formwork, even in the presence of dense 
reinforcement. Its advantages are fast construction, a 
reduced number of required workers, better final surface, 
easier placement, and increased durability, greater freedom 
in designing elements, noise reduction, vibration absence, 
and therefore healthier work environment. It is estimated 
that when using self-compacting concrete instead of 
vibrated concrete, the need for workers is reduced by 
about 10%; when using prefabricated elements, 
construction time is shorter by about 5%, and demand for 
workers decreased by about 20%; when applying 
sandwich elements (steel - concrete) time saving is 20%, 
and savings in the labour force 50%. The main 

disadvantages of the use of self-compacting concrete are 
higher material prices, stricter quality requirements and 
increasing pressure on the formwork compared to vibrated 
concrete. With self-compacting concrete, its most 
important characteristics are in its fresh state. When 
designing mixtures, emphasis is placed on the ability of 
concrete to be levelled out only under the influence of its 
own weight and to fully fill the formwork of any shape 
and dimensions without leaving voids, to pass through 
dense reinforcement without blocking, to retain a 
homogenous structure without separating aggregate from 
paste or water from the solid phase, as well as without the 
tendency of coarse aggregates to “fall” through the 
concrete mass under the influence of gravity (segregation). 
Therefore, the key characteristics of fresh SCC are 
floating, viscosity (expressed by floating rate), passing 
ability and resistance to segregation [1]. Concrete mixture 
will be classified as SCC only if all the above properties 
are fully achieved, wherein each of them can be tested in a 
number of ways. The basic components of the mixtures in 
vibrated and self-compacting concrete are the same, but 
ratios differ, so that SCC contains more fine aggregate and 
fine particles, as well as additives of the latest generation 
(modifiers of viscosity and high capacity water reduction) 
compared to vibrated concrete. Properly designed and 
placed, SCC is characterized by a greater compactness and 
homogeneity compared with the vibrated concrete, 
wherein the properties of the hardened self-compacting 
concrete are tested in the same way as the corresponding 
properties of the vibrated concrete. 

As the SCC is used more and more widely, pushing 
the conventional, vibrated concrete out of usage, in this 
paper we limited ourselves to investigating the influence 
of the flotation tailings on the characteristics of SCC [2]. 

During copper production process large amounts of 
waste material are created that must be disposed. Storage 
of this material is a major environmental problem. 
Flotation tailing (FT), as one of the copper production 
process by-products, is rich in iron oxides and silicates, 
thus it is suitable for concrete and mortar production. 
According to its chemical composition, it can be used as a 
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supplement to Portland cement or as a substitute for 
smaller aggregate fractions. In this way it is possible to 
solve large metallurgical environmental problem with 
economic benefit, while at the same time reducing 
greenhouse gas emissions and energy required to produce 
the same amount of material with preserving natural 
resources [3]. Onuaguluchi and Eren showed that the 
concrete with addition of FT has improved mechanical 
properties compared to the reference concrete. SCC with 
FT as a mineral additive increased compressive, flexural 
and tensile splitting strengths. Moreover, increased 
resistance to abrasion and smaller depth of chloride 
penetration were observed. These enhanced properties 
were more notable when using 5% FT and higher water-
cement ratio (increased water absorption when using FT) 
[4]. They also tested chemical effects on concrete with FT 
and showed that increase presence of FT in the concrete 
increased the resistance to acid attack, and reduced the 
resistance to destructive sulfate expansion at the same time 
[5].  

Limestone powder (LS) is more widely used as a 
cement additive than a concrete additive. SRPS EN197-
1:2013 [6] provides two classes of Portland cement with 
limestone powder whose labels are CEM II/L (or L-L 
instead of A-L) and CEM II/BL (or L-L instead of B-L). 
The former contains between 6 and 20% of LS and the 
latter 21- 35%. Requirements that limestone powder for 
cement should meet are the following: CaCO3 content 
should be greater than 75%, clay content, determined by 
methylene blue test, must not exceed 1.20g/100g, the total 
content of organic carbon must not exceed 0.20% for LL 
limestone powder and 0.50% for L limestone powder. The 
presence of LS causes the acceleration of the hydration 
process and hydration shrinkage of concrete in the first 
few hours, because the particles of LS are used as 
additional cores for hydration [1]. 

2. EXPERIMENT
For the purposes of the experimental work, three 

three-fraction concrete mixtures were produced of the self-
compacted concrete with different mineral additives: 
limestone powder and two different types of flotation 
tailings. SCC mixtures were marked according to used 
mineral additives: M-LS, M-FT1 and M-FT2, respectively. 

The mixtures were produced with Portland cement 
CEM I 52,5R from the manufacturer: “Holcim” Popovac, 
which meets all the quality requirements designated with 
SRPS EN 197-1 standard. Three fractions (0/4 mm, 4/8 
mm, 8/16 mm) of natural aggregate from South Morava 
River were used for production of mixtures from the 
separation: “Vodogradnja” Ltd. Pukovac. Used aggregate 
meets all the quality requirements designated with SRPS 
EN 206-1:2011 [7] and SRPS EN 12620:2010 standards 
[8]. In all SCC mixtures superplasticizer “TKK Srpenica 
Cementol Hiperplast 463” was used. Limestone powder as 
mineral additive was obtained from the “Jelen Do” Ltd. 
Požega. Both types of flotation tailing were obtained from 
the “Copper Mining and Smelting Company Bor”. In 
mixture M-FT1 was used first type of flotation tailing 
(FT1) which is mainly derived from the mining ore and in 
mixture M-FT2 second type of flotation tailing (FT2) 
which was obtained from flotation of the secondary raw 
material in copper smelting plant. 

Chemical composition of portland cement (PC) and 
flotation tailings used in experiment are given in Table 1. 
which shows that the most silicon dioxide (SiO2) was 
contained in FT1 and that FT2 had higher content of ferro 
oxides (Fe2O3). Both types of flotation tailings had high 
procentage of compounds with pozzolanic properties 
(SiO2, Fe2O3, Al2O3), around 70%. Table 1. shows that 
FT1 had higher presence of undesired aggressive 
components (S, K2O). Limestone powder was mostly 
comprised of calcium oxide (CaO), around 53%, and 
because of that LS is more often used as cement additive 
then a concrete additive. Used LS had content of Ca 
translated to CaCO3 around 94%. The presence of other 
oxides in mineral additives for concrete mixtures was 
negligible. Chemical analysis of flotation tailings were 
conducted at the Mining and Metallurgy Insitute Bor and 
composition of LS was provided by manufacturer.  

Table 1: Chemical composition of Portland cement and 
flotation tailings in concrete mixtures 

Component [%] PC FT1 FT2 
SiO2 21.62 40.8 33.24 
CaO 60.16 7.36 3.61 
MgO 2.34 0.86 0.96 
Al2O3 7.0 5.9 5.04 
Fe2O3 2.6 21.72 30.26 
K2O 0.66 1.2 0.96 
Na2O 0.33 0.35 0.96 
SO3 2.55 - - 

S - 2.35 0.47 

Appearance of the LS and FT used in concrete 
mixtures is shown in Figure1. and Figure 2, respectively. 

Figure 1:Appearance of limestone powder 

Figure 2: Appearance of copper flotation tailing 
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Composition of concrete mixtures is shown in 
Table 2. The criterion in the designing of mixtures was to 
achieve the same consistency of concrete, or aproximatly 
similar results by slump-flow test. Water-cement (wc) and 
water-powder (wp) ratios were kept constant in all 
mixtures, 0.5 and 0.385, respectively. Mass of 
superplasticizer was modified in all mixtures in order to 

fulfill a requirement of roughly the same spreading of 
fresh mixtures of self-compacted concrete. Specifications, 
recommendations and possible tolerances for the results of 
spreading in Slump-flow test were used according to the 
SRPS EN 12350-8:2012 standard [9] and EFNARC  
guidelines [10]. 

Table 2: Composition of concrete mixtures 

Mixture 
ID 

Aggregate [kg] PC 
[kg] 

Water 
[kg] 

Mineral additives [kg] Superplasticizer 
[kg] wc wp 0-4 

mm 
4-8 
mm 

8-16 
mm LS FT1 FT2 

M-LS 763 286 541 400 200 120 - - 7.36 0.5 0.385 

M-FT1 763 286 541 400 200 - 120 - 2.8 0.5 0.385 

M-FT2 763 286 541 400 200 - - 120 3.0 0.5 0.385 

 
3. TEST RESULTS 

For the purpose of the experiment twelve 
specimens with dimensions 15x15x15cm were created for 
each mixture in order to test compressive strength and 
three specimens with dimensions 10x10x40cm for testing 
of flexural and splitting tensile strength, hence the total 
number of tested specimens was forty-five. The tests were 
performed in the Laboratory for construction materials at 
the Faculty of Civil Engineering and Architecture in Niš. 

The fresh concrete tests were done for density, 
temperature, fluidity - slump-flow test according to SRPS 
EN 12350-8:2012 [9], viscosity - T500 test according to 
SRPS EN 12350-8:2012 [9], the ability of passing between 
the reinforcement - L box test according to SRPS EN 
12350-10:2012 [11], segregation resistance - Sieve 
segregation test according to SRPS EN 12350-11:2012 
[12]. The test results for concrete mixtures in a resh state 
are shown in Table 3. 

All concrete samples matured in the water chamber 
until the day of testing according to SRPS EN 196-3:2010 
standard [13]. 

Table 3: Properties of fresh concrete mixtures 

Mixture ID M-LS M-FT1 M-FT2 

Temperature [°C] 23.1 21.4 22.2 

Slump-flow test 
[mm] 650 655 660 

T500 test [s] 3.5 6.0 6.5 

L-box test H2/H1 
[mm/mm] 0.94 0.91 0.92 

Sieve stability test 
[%] 14.0 6.75 6.0 

Density [kg/m3] 2375 2398 2405 

The compressive strength of concrete was 
measured on the specimens after aging of 2, 7, 28 and 90 
days and was determined according to SRPS EN 12390-
3:2010 standard [14]. Average values on three specimens 
of compressive strength are shown in Table 4. Testing of 
compressive strength was performed on hydraulic presse 
as shown in Figure 3 (left).  

 
Figure 3: Testing of compressive strength (left); Testing of flexural strength (right)

The change of the measured compressive strength 
over time for specimens of all concrete mixtures is shown 
in Figure 4. The correlation coefficients are in the range of 

R²=0.9794 (for mixture M-FT1) to R²=0.9977 (for mixture 
M-LS) which indicates good approximation of functions 
for the change of compressive strength over time. 
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Table 4: Compressive strength test results 

Mixture 
ID 

Compressive strength [Mpa] 

2 days 7 days 28 days 90 days 

M-LS 39.6 49.1 57.3 65.1 

M-FT1 35.8 44.8 59.3 64.2 

M-FT2 36.6 46.2 59.7 64.7 

Flexural strength was determined according to 
SRPS EN 12390-5:2010 standard [15] on concrete 
specimens after aging of 28 days. Testing of flexural 
strength was performed on hydraulic presse as shown in 
Figure 3 (right). Test results are shown on chart at Figure 
5. 

Tensile splitting strength was also tested on 
concrete specimens after aging of 28 days according to 
SRPS EN 12390-6:2012 standard [16]. Test results are 
shown on chart at Figure 6. 

 
Figure 4: Change of compressive strength over time on tested specimens 

 
Figure 5: Flexural strength of SCC mixtures after 28 days of aging 
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Figure 6: Tensile splitting strength of SCC mixtures after 28 days of aging

4. DISCUSSION OF THE RESULTS 

4.1. Properties of fresh concrete mixtures 
Spreading or flowability of mixtures was measured 

using Slump-flow and T500 tests. Slump-flow showed 
spreading of mixtures in range of 650 to 660 mm. 
Difference of only 1cm was good indicator that objective 
of creating mixtures with similar consistencies was 
achieved. M-LS showed the lowest, while M-FT2 showed 
the highest flowability. Only M-FT2 belong to class SF2 
(660-750 mm) while SCC mixtures with flotation tailings 
can be classified into class SF1 (550-650 mm).  

T500 test shows time in which concrete reaches 500 
mm diameter of spreading. T500 time is a measure of the 
speed of flow and hence the viscosity. Results obtained by 
this test were in range of 3.5 to 6.5 seconds. Mixtures with 
flotation tailings were less flowable than mixture with 
limestone powder. M-FT2 had time that deviated from 
recommended values (3.5-6s), but still showed good 
viscosity. Time longer than 2 seconds classifies all 
mixtures as VS2. No segregation was observed, nor water 
separation. 

The L-box test was used to determine passing 
ability of SCC mixtures through reinforced area. Passing 
ability is calculated as the ratio of height of concrete 
remaining at the leading edge in the horizontal section to 
that in the vertical section. Test was conducted with 3 
reinforcement bars and the obtained results were between 
0.91 and 0.94 showing good passing ability for all 
mixtures and classifying them into PL2 class (>0.8). The 
highest passing ability had M-LS. 

Segregation resistance of fresh SCC was tested 
with the sieve stability test. The highest percentage of 
cement paste passing through sieve had M-LS (14%) 
which was over 100% higher then passing through sieve of 
mixtures with flotation tailings (6.75% for M-FT1 and 6% 
for M-FT2). Results showed good segregation resistance 
for all mixtures and passing percentage lower than 15% 
classifies them into SR2 class. 

All tests on fresh concrete showed good and similar 
consistency of all mixtures. Best properties of self-
compacting were achieved by using limestone powder. M-
LS had the best fluidity and viscosity, after passing 
through reinforcement concrete was almost horizontal, but 
it had minimum segregation resistance. Tests confirmed 
that concrete containing flotation tailings is more cohesive 
and less prone to segregation and therefore less workable 
mixtures. M-FT2 had better ratio of diameter of spreading 
(fluidity) and segregation resistance and smaller difference 
at the ends of L-bo than M-FT1. 

All SCC mixtures had similar densities. M-LS had 
the lowest density in the fresh state and among mixtures 
with flotation tailings M-FT2 had the highest density 
(0.3% higher than M-FT1 and 1.3% higher than M-LS). 
Higher density of mixtures with flotation tailings can be 
explained by lower participation percentage of 
superplasticizer in order to satisfy the desired flow 
properties, meaning that aggregate, cement and the 
mineral additive have greater share in 1 m3 of concrete. In 
the same way, the lowest density of M-LS can be 
explained by the highest participation percentage of 
superplasticizer, and thus the lower percentage share of 
aggregate, cement and mineral additives compared to the 
other mixtures. 

4.2. Compressive strength 
The highest value of the compressive strength after 

2 days was recorded in M-LS and it was 10.6% higher 
than of M-FT1 and 8.2% higher than of M-FT2. M-LS had 
the highest compressive strength after 7 days, which was 
9.6% higher than compressive strength of M-FT1 and 
6.3% higher than strength of M-FT2. After 28 days M-FT2 
had the highest compressive strength and it was 0.7% 
higher than the strength of M-FT1 and 4.2% higher than 
the strength of M-LS. On specimens after 90 days of aging 
again was recorded the highest compressive strength in M-
LS which was 0.6% higher than strength of M-FT2 and 
1.4% higher than strength of M-FT1. Order of strength 
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among SCC mixtures had changed only at 28 days when 
M-LS had the lowest result.

The presence of limestone powder in concrete 
accelerate the reactions of hydration, thus giving M-LS 
higher early strengths in comparison with mixtures with 
flotation tailings. Among mixtures with flotation tailings 
M-FT2 had higher compressive strength in each time
period of testing. Slower early strengths of concrete with
flotation tailings prevent their application where high early
strength is expected, which can be solved by using
accelerator. Differences in compressive strength between
concrete with limestone powder and concrete with
flotation tailings did not exceeded 10.6% at the same
quantities of cement. Concrete with LS had better
performances in the fresh state, what should be borne in
mind, particularly if the economic factor is included, but
concrete with tailings have greater ecological value
because they solve the problem of depositing huge
quantities of waste material.

4.3. Flexural strength 
Among SCC mixtures, M-LS had the highest 

flexural strength after 28 days which was 18.9% higher 
than the flexural strength of M-FT2 and 5% higher than 
the strength of M-FT1. M-FT1 had 13.2% higher flexural 
strength than M-FT2. Replacement of the certain amount 
of the filler in the mixtures with mineral additives reduces 
the porosity, and fine particles become additional 
hydration centers, which leads to better hardening of the 
cement paste, and increased flexural and tensile splitting 
strengths compared to concrete without mineral additives. 

4.4. Tensile splitting strength 
When SCC mixtures were compared among 

themselves, M-LS had the highest tensile splitting strength 
after 28 days, which was 15.8% higher than the lowest 
strength of M-FT1 and 10% higher than the strength of M-
FT2. M-FT2 had 5.3% higher tensile strength than M-FT1. 
Different mineral additives have different effects on 
increase of tensile strengths which originates from the 
differences in microstructure of these materials, and at the 
same time there is not a direct link between tensile 
strength and compressive strength.  

5. CONCLUSION
The primary objective of this study was to evaluate 

influences on mechanical properties of SCC with two 
different types of flotation tailings as mineral additives and 
compare results with properties of SCC with limestone 
powder (LS) as mineral additive. First type of used 
flotation tailing was derived from mining ore (FT1) and 
second type was derived from secondary raw material in 
copper smelting plant (FT2). Results from the study 
indicate the following: 

• The mixtures with flotation tailings had higher
density than mixture with LS. 

• The mixture with LS had the highest workability
among SCC mixtures and mixture with FT2 had better 
workability than mixture with FT1. 

• The mixture with LS had the highest compressive
strength and mixture with FT2 had higher compressive 
strength than mixture with FT1. 

• The mixture with LS had the highest flexural
strength after 28 days among SCC mixtures and mixture 
with FT1 had higher flexural strength than mixture with 
FT2. 

• The mixture with LS had the highest splitting
tensile strength after 28 days among SCC mixtures and 
mixture with FT2 had higher tensile strength than mixture 
with FT1. 

This research has proved that it is possible to use 
considered flotation tailings as mineral additives in self-
compacting concretes, which would help solving the 
environmental problem of disposing this waste materials, 
and would obtain concrete with similar mechanical 
properties compared to SCC with limestone powder as 
mineral additive. SCC mixture with FT2 as mineral 
additive proved to be more favorable in comparison to 
other SCC mixture with FT1 as mineral additive.  
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This report views the basic characteristics of the already applied over the bridge bitumen waterproofing membranes 
and the significance of these characteristics for the facility durability. Examined are two of these characteristics of the 
already applied over the bridge bitumen sheets for waterproofing and the significance of these characteristics for the 
durability of the equipment. The methods for testing these characteristics are presented and the shear strength and 
compatibility in terms of heating of the different types of bituminous waterproofing are examined. 

Keywords: waterproofing sheets, shear strength, compatibility by heat conditioning
1.  INTRODUCTION 

Bridges are one of the most responsible transport 
facilities. Proper protection from the harmful effects of 
surface and ground water, and icing agents used in winter 
road maintenance are the basis for the provision of 
transport's operating performance and their bearing 
capacity. 

 Concrete road bridges are among the most 
important transportation facilities of our daily life. They 
are found frequently not only outside, but very often inside 
residential places. Their proper protection and resistance to 
water, moisture and corrosion is of key importance, in 
order to be safe for exploitation by people.  

The main goal of bridges waterproofing is to 
protect their construction against impact by water, 
moisture, and their corrosive action. 

The modern development of the chemical industry, 
especially in the building and building materials industry, 
has also contributed to the development of new 
waterproofing systems with faster, easier and safer 
application. Products with features that allow a shorter 
period of time to produce a sufficiently robust, ready-to-
use layer, on which construction works can continue 
without problems, are increasingly emerging.  

The bridges waterproofing has to prevent water 
penetration to the construction. The waterproofing is used 
between the concrete bridge desk and the asphalt concrete 
overlay. It is laid directly under the road surface, which is 
most exposed to weather events and impacts. The 
materials used for concrete bridge surfaces waterproofing 
are the following:  

• mastic asphalt;  
• liquid rubber compositions – they are a 

two-component polymer-bitumen mixture, 
in which two components are mixed 
immediately prior to application and form 
a thin film adhered to the base; 

• resins/polyurethane – this is also a modern 
system for waterproofing which is stored 
in liquid form and is applied as a spray on 
the concrete surface. The resulting layer is 

continuous - without seams and splices, 
with high elasticity and resistance to 
joints; 

• plastic and rubber sheets; 
• bitumen-polymer membranes. 

The bitumen-polymer membranes are quite recently 
applied and their share in comparison to the other 
waterproofing materials types is growing. The road surface 
asphalt is laid directly above waterproofing membranes. 
Bitumen is modified with SBS (styrene-butadiene-styrene 
rubber) elastomer or APP (atactic polypropylene polymer) 
plastomer. The use of different modifiers is to achieve 
varying degrees of better physical and mechanical 
properties of waterproofing.  

The bitumen sheets, modified with APP can be 
used at much higher temperatures - from 130 to 150 ° C, in 
comparison to the materials of oxidized bitumen, which 
tolerate only up to 70 - 80 ° C. Thanks to this property, 
they age 3 to 4 times slower than waterproofing bitumen, 
as cracks begin to appear only after 10 to 15 years. 
Increased heat resistance allows this type of waterproofing 
to be used to treat vertical and sloping surfaces without 
softening. Most applications are used to protect flat, open 
surfaces at high summer temperatures, which, combined 
with the ability to run without a protective layer, makes 
them ideal for waterproofing bridges.  

The styrene-butadiene-styrene (SBS) modified 
bitumen waterproofing also has increased heat resistance 
compared to oxidized bitumen to 120 ° C, but it is lower 
than that of the APP modified bitumen. Due to this fact, 
the latter are best suited for the processing of flat, open 
surfaces at high atmospheric temperatures. The advantage 
of SBS modified waterproofing lies in the increased 
resistance to low temperatures. This kind of materials has 
high elasto-plastic properties, which are retained even at 
low temperature of application - to -35°C. Very good 
adhesion to bituminous pre-treated concrete surfaces is 
achieved, which is extremely important in bridge 
constructions. Among them are the qualities and 
durability, and slow aging.  

Polyester nonwoven fabric is used as reinforcing 
basis. It gives significantly better physical and mechanical 
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properties, very high tensile strength and low deflection at 
break. Thus waterproofing membranes achieve high 
mechanic performance. 

2. WATERPROOFING SYSTEM
A bridges waterproofing system presents layers 

between the bridge concrete slab and the surface covering 
(Figure 1). Usually this system consists of a bitumen 
primer, one or more bitumen membrane layers and a 
protective layer, if it is specified by the manufacturer. 

Figure 1: Components of a Bridge Waterproofing System 

Legend: 

1. Bridge concrete slab;
2. Primer;
3. Reinforced bitumen sheet(s)
4. Protective layer;
5. Surface covering;
6. Bridge waterproofing system (2 + 3 and 4,

if specified).
 Bitumen sheets which are part of waterproofing 

systems have the following basic characteristics:  
• visual defects – the product should not have

any visible defects;
• mass per unit area;
• thickness;
• tensile properties;
• water tightness;
• cold flexibility - this test did not gives results

that directly meet the requirements of
practical application;

• flow resistance at elevated temperature;
• water absorption;
• size stability at high temperature.
The following characteristics are specific only for

bitumen waterproofing sheets for application of concrete 
bridges: 

• initial amount of protective mineral coating
on the membrane surface mainly with the
grain size of more than 0,125 mm. It is
important to be determined, as too high
surface protection may cause sliding between
the membrane and the layer above it;

• size stability of bitumen waterproofing

membranes for concrete bridges to be 
specified according to [EN 1107-1], but at the 
temperature of 160°C. This test simulates the 
effect of the cast asphalt application above the 
membrane. 

• thermal aging performance is estimated
during exposure to the temperatures from -
15°C to +100°C – to  check the behavior on
thermal aging product characteristics, which
should be determined before and after testing
in accordance with [EN 1296] for a period of
12 weeks. The relevant characteristics are
cold flexibility and  flow resistance at
elevated temperatures. The purpose of the test
in accordance with [EN 1296] is to
characterize the thermal stability of bitumen
in terms of durability.

The waterproofing must have a certain mechanical 
resistance to be able to handle the specific loads and 
impacts to which the bridge is exposed. The waterproofing 
is subject to the same effects: i.e. shock, temperature and 
weather impacts, mechanization load during the asphalt 
laying and compaction, continuous dynamic loads caused 
by the passing vehicles, etc. The characteristics of the 
already applied waterproofing are therefore as important 
as described in the standard – [EN 14695] – “Flexible 
sheets for waterproofing. Reinforced bitumen sheets for 
waterproofing of concrete bridge decks and other 
trafficked areas of concrete. Definitions and 
characteristics”. They are to be considered during concrete 
applications. They are: 

• bond strength /adhesion/ to concrete base
– a basic requirement to ensure the
waterproofing system durability is to
strictly follow the application technology.
Very good adhesion to surfaces, especially
to the concrete ones is necessary to be
ensured to keep the insulation from
damages in case of the bridge construction
deformation;

• shear strength - determines the shear
resistance of the waterproofing system laid
above a concrete surface, covered with an
asphalt layer;

• crack bridging ability – ability of
reinforced bitumen membranes to
withstand movements of the crack of the
concrete base without deterioration their
quality;

• compatibility by heat conditioning –
characterizes the ability of waterproofing
to keep their properties for a long period
of time;

• resistance to compaction of an asphalt
layer – determines the ability of
waterproofing systems to resist damage
from compaction of an asphalt layer;

• resistance to dynamic water pressure after
damage by pre-treatment – determines the
water tightness of the applied
waterproofing system;
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• behavior of bitumen sheets during 
application of mastic asphalt – determines 
their resistance to the bitumen component 
increase when laying mastic asphalt. 
The report explores two of these essential 
characteristics: shear strength and 
compatibility by heat conditioning; 

 

3. DETERMINATION OF SHEAR STRENGTH 
The purpose of the test is to determine the shear 

strength properties of the waterproofing system. 
 This test simulates action of dynamic forces, e.g. 

braking. Shear strength – shear stress at maximum force, 
when testing the shear resistance in a waterproofing 
system. The principle of the test is according to [EN 
13653]: a force is induced in the waterproofing system laid 
between base specimen and asphalt layer to determine the 
shear strength of waterproofing. Testing is carried out in 
compression at constant displacement rate. The force is 
applied at an angle of 15° to the plane of shearing. The 
loading is applied through the center of the waterproofing 
by loading device capable of producing a maximum load 
of 10 кN at a displacement rate relative to the supports of 
(10 ± 1) mm/min.  

 

 
Figure 2: Example of loading device 

 

Key: 
 

1. base specimen 
2. waterproofing 
3. asphalt layer 
4. adjustable support 

 
Four different waterproofing sheets of the same 

type were subjected to the test. These are called: sample 1, 
sample 2, sample 3 and sample 4. The main characteristics 
of these sheets are given in Table 1:  

 

Table 1: Main characteristics of sheets 
Characteristics Sample 

1 
Sample 

2 
Sample 

3 
Sample 

4 
Carrier Polyest

er 
nonwo

ven 

Polyest
er 

nonwo
ven 

Polyest
er 

nonwo
ven 

Polyest
er 

nonwo
ven 

Thickness 4,5 mm 
 

4,5 mm 4,5 mm 4,5 mm 

Mass per unit 
area 

5,2 
kg/m2 

5,4 
kg/m2 

5,6 
kg/m2 

5,2 
kg/m2 

Tensile 
properties, 
N/50 mm 

- longitudinal 
- transverse 

 
 
 

830 
720 

 
 
 

950 
800 

 
 
 

1050 
970 

 
 
 

900 
780 

Watertightness 200 
kPa 

200 
kPa 

200 
kPa 

200 
kPa 

Water 
absorption 

0,3% 0,4% 0,2% 0,25% 

Cold flexibility -10°C 
 

-10°C -10°C -10°C 

Flow resistance 
at elevated 
temperature 

 
120°C 

 
120°C 

 
120°C 

 
120°C 

 
All these waterproofing sheets have no visual 

defects – no blisters, cracks, holes and bare surfaces. 
Four test pieces of each of the waterproofing sheets 

under test were prepared to perform the test.  The test 
specimens prepared in accordance with [EN 13375]. Pre-
prepared concrete slabs with a thickness of 40 mm and 
dimensions 220 mm x 110 mm. The surface shall be clean 
and dry and free of all dust or laitance, and  have a surface 
texture of 0,5 mm to 1,0 mm. The waterproofing system is 
applied on to the thus prepared slab – bitumen primer and 
after its drying – waterproofing sheet by torch-on-welding. 
After cooling to room temperature, the waterproofing is 
cut  along the edges of the concrete slabs and an asphalt 
layer is applied. The asphalt layer is a bituminous mixture 
of the following composition: 

• aggregates: < 0,063 mm: 8 ± 0.5 % by mass  
0,63/2 mm: 32 ± 2 % by mass  
2/6 mm: 25 ± 2 % by mass  
6/10 mm: 35 ± 2 % by mass  

• binder type: 40/60 according to EN 12591;  
• binder content: (5,9 ± 0,5) % by mass;  
• laying temperature: (160 ± 10) °C;  
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• thickness: (40 ± 5) mm,
The asphalt layer was sealed to obtain the content

of voids between 5% and 9%. 

Figure 3: Application system for the test specimens 
(example) 

Key: 

1. waterproofing system
2. asphalt layer
3. base specimen
4. steel frame

Prior to testing the test specimens are conditioning 
at a test temperature 23°С for 24 hours. The longer 
dimension of the test specimen is in longitudinal direction 
of the flexible sheet.  

The test specimen is placed in a material testing 
machine – a dynamometer fitted with an adapter for 
attaching the sample at an angle of 15°. 

Figure 4: Test specimen before loading 

Figure 5: Test specimen before loading 
A constant displacement is applied at a rate of    10 

mm/min. 

Figure 6: Test specimen after loading 
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Figure 7: Test specimen after loading 

In the test the shearing occurs at the surface of the 
waterproofing system and the base. 

 The shear strength in N/mm2 is calculated using 
the equation:   

15cos)/( maxmax ×= AFτ                (1) 
 where  

maxτ is the shear strength, in N/mm2  

maxF is the recorded maximum force, in N 
 
A      is the test area of the test specimen, in mm²  
 
The results are given in Table 2: 

Table 2: Shear strength 

 Sample 
1 

Sample 
2 

Sample 
3 

Sample 
4 

maxτ  15 20 24 22 

 

4. COMPATIBILITY BY HEAT CONDITIONING 
 Waterproofing systems are required to maintain 

performance over extended periods of time once installed 
on a concrete structure. Many flexible sheets used in the 
waterproofing of concrete bridge decks are based on 
materials that are subject to oxidation, migration, 
diffusion, and absorption of components within the system 
itself and/or those to which the system is adhered. These 
physicochemical effects occur over time, however, 
increased temperature will accelerate these effects.  

The use of an accelerated heat-conditioning test 
will allow the evaluation of the change in a specific 
mechanical property, shear strength, over a significantly 
shorter time period than allowing the waterproofing 
system to age under normal ambient conditions. The use of 
the shear resistance test will allow the determination of 
any change in properties together with an indication of any 
migrational or interfacial long term incompatibility 
between the adherents.  

 The purpose of the test is to determine the 
compatibility of the waterproofing system in the installed 
condition by determination of the shear strength properties 
before and after accelerated heat conditioning. Heat 
conditioning is a process whereby the test specimen is held 
at an elevated temperature for a specified period of time.  

By changing the shear resistance shifts in the 
properties of test specimens can be detected, when they are 
subjected to accelerated heat conditioning. 

Eight test pieces of each of the waterproofing 
sheets under test were prepared. The type and dimensions 
of the test specimens are the same as those for testing the 
shear strength.  Four test specimens are used for the heat 
conditioning, and four reference test specimens are used 
for comparison. 

 The four reference test specimens are conditioned 
at 23°C for 24 h prior to them being tested in accordance 
with [EN 13653] for shear strength. The other test 
specimens are placed horizontally in air-circulating oven 
in such a way as to allow free movement of air over and 
around the test specimen the temperature in the oven is (50 
± 2) °C. They stay in the dryer for 91 days, then they are 
removed, allowed to stand at a temperature (23 ± 2) °C for 
24 hours and tested for shear strength. Before and after the 
test for shear strength, the test specimens were viewed 
visually for evidence of migration and separation of 
component layers. Such were not noticed. 

 

 
         Figure 8: Test specimen after conditioning 
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         Figure 9: Test specimen after conditioning 

Compatibility C (%) is expressed by: 

1001
0max

max0max xC C







 −
−=

τ
ττ

   (2) 

 where 

omaxτ = mean value of shear strength of reference test 
specimens; 

Cmaxτ = mean value of shear strength of conditioned 
specimens. 

The results are given in Table 3: 

Table 3: Compatibility by heat conditioning 

Sample 
1 

Sample 
2 

Sample 
3 

Sample 
4 

C % 81 85 84 80 

5. CONCLUSION

Testing of basic characteristics related to the laying 
of waterproofing of bridges has been done for the first 
time in Bulgaria.  

 The tested waterproofing sheets show good 
results and good bond between the asphalt coating and the 
waterproofing system, which suggests that these materials 
retain their durability (permanence).  

 The basic requirement to ensure the durability of 
the waterproofing system has to be followed strictly, 
technology application must provide very good adhesion 
to surfaces in order to avoid compromising insulation 
deformations in bridge construction. Secure and properly 
laid waterproofing is a must for maintaining the reliability 
and trouble-free operation of bridge facilities. The 
examinations will continue with the characteristic – crack 
bridging ability. 
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Abstract  

 
Until recently, E procedure (welding with coated electrodes) had been used for welding of oil derivative storage tank shell 
with volume up to 10.000m3. This procedure led to shell deflection due to a low welding speed and large number of 
extensions. Recent constructions of oil derivative storage tanks are improved with installed floating membrane. By floating 
on the surface of the working fluids, membrane substantially reduce evaporation. Given the fact that the pressure in the 
tank has to be equal to atmospheric pressure, the membrane significantly reduces the losses of the working fluid and the 
environmental pollution. In order to ensure free movement of the membrane and that the sealing between the membrane 
and shell is good enough, the storage tank shell must be strictly cylindrical and more accurately developed then in the case 
with previously made storage tanks. This is achieved with self-shielded core wire welding of oil derivative storage tanks. 

 

Keywords: welding, strain,reconstruction, the reservoirs for oil derivatives storage, self-shielded wire 
 

1. INTRODUCTION 
Oil derivatives are flammable materials and big polluters. 
They are stored in a vertical cylindrical, above ground 
tanks. The construction of storage tanks is constantly 
improving in order to reduce a risk of fire, pollution of the 
environment and to minimize evaporation losses of 
derivatives in the atmosphere. 

1.1. Storage tanks description 
 
Figure 1 shows a storage tank with a volume of 5000 m3, 
a diameter of 25.1 m and a height of 13.7 m, which is 
made of low-carbon structural steel S235JRG2 [1]. Bottom 
of the tank is made of steel panel, which are 
interconnected by a foldable weld. The casing of the tank 
is composed with six frontally welded ring segments. The 
thickness of the first segment is 14 mm. The thickness of 
remaining segments is gradually reduced, so thickness of 
the sixth segment is 8 mm. The tank shell have inlet and 
pipe connectors for loading and unloading the tank. The 
tank roof is made of a supporting grid structure and 
cladding that includes the connector for measuring the 
level of the working medium and connector for equalizing 
the pressure in the tank to atmospheric pressure. In 
addition to pipeline filling and discharging, the tank have 
also a piping fire-extinguishing system and pipelines for 
cooling the water tank. Since they are flammable 
petroleum products and major polluters, the tanks are 
placed in concrete pools "bund", whose role is to prevent 
spilling of the working medium in the case of a leaking 
tank or in the case of fire.  

 
Figure 1. Storage tank for oil derivates 

 
3. PRESSURE CHANGES IN THE STORAGE TANK 
 
Due to the large cross-sectional area of the storage tank, 
even small changes in pressure can cause the emergence of 
great powers in the construction of tanks [2]. Changes in 
the storage tank pressure occurs when the level of working 
medium change, tank filling and tank discharging and 
changes in ambient temperature. With increasing ambient 
temperature the pressure in the tank increases due to the 
expansion of the working medium and increased 
evaporation. The problem is particularly acute when the 
working medium is gas. In the case of the fall of the 
ambient temperature the pressure in the reservoir 
decreases due to reduction of the volume of the working 
medium, and due to reduction of the volume of the 
gaseous phase above the working medium. 
 
Described pressure changes are large enough that can lead 
to failure of the storage tank.  
Therefore, so-called respiratory valve is installed on the 
storage tank, whose role is to continuously equalizes the 
pressure in the tank to atmospheric pressure. The result of 
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releasing steam of working medium by the the respiratory 
valve into the atmosphere cause environment polluting and 
material losses. The size of these losses is proportional to 
the surface of the working medium, ie. the size of the 
storage tank. In large tank volume of 60,000 to 80,000 m3, 
which are currently being built, the losses due to release 
steam of the working medium into the atmosphere are very 
large. This problem is so far, to a lesser extent, solved by 
cooling water tank. 
 
4. STORAGE TANKS STRUCTURE IMPROVING  
 
New constructive solution which reduce losses due to 
evaporation of the working medium are floating 
membrane [1]. These membranes swim on the surface of 
the working medium and must well sealed the space 
within the shell of the tank. They are made of a thin 
aluminum sheet that is placed on floats. In order to 
perform its function, membranes must be free to move 
around the height of the tank, which means that the tank 
shell can’t have any deformation that would hinder this 
movement. Picture 2 show the installation of a floating 
membrane. 
 

 
Picture 2. Installation of aluminum floating membrane in 

the storage tank 
 

5. WELDING OF TANK SHELL WITH 
ATTACHED FLOATING MEMBRANE 

 
The construction of oil products storage tanks are 
characterized by large diameters, relatively small thickness 
of the walls and the tread of great length welds in coatings. 
These structures are prone to deformations in welding [3]. 
The E process was used earlier for welding storage tank 
shells. This process is characterized by small welding 
speed and a relatively high heat input [4]. Under these 
conditions deformation occurs whose size in the tank with 
float membranes is not acceptable. In order to ensure the 
free movement of membrane and that the sealing between 
membrane and the shell is good enough, reservoir layer 
must be strictly cylindrical and made much more precisely 
than was in the case of an older construction of tanks. The 
required precision of craftsmanship tread is explained in 
Figure 3, which shows that joints overshoot the inside of 
the tread buffed up to the height of the base material.   

 
Such precision in tank shell manufacturing can not be 
achieved in E welding process even if steps are taken to 
reduce deformation, such as reducing heat input, 
preheating, welding back step and welding with several 

welders simultaneously. Therefore, the welding process 
had to be changed. Considering the fact that the welding is 
carried out in the open tank, the procedure of welding with 
self-shielded cored wire has been selected as best choice. 
 

 
Figure 3. Overshoot of the compounds of the layer to the 
height of the base material on the inner side of the tank 

 
6. SELF-SHIELDED CORED WIRE AND IMPACT 
OF WELDING PARAMETERS ON WELDS 
 
The use of self-shielded cored wire is increasing around 
the globe. The reason for this is their features that include 
good properties of electrodes and solid wires [5]. Self-
shielded cored wire consists of a metal shield and non-
metal charge. Shares of metal and non-metal part depends 
on the technology of wire. The functions of the metal 
coating are: creation of metal deposit of weld, shape 
formation, wire dimensions and transfer of electricity. 
Non-metallic filling have characteristics similar to the 
characteristics of electrode coating, and has the following 
features: ionization component enables ignition and 
maintenance of port, protects the metal drops and weld 
pool from the influence of air, generates slug which 
perform deoxidization and purified weld, which slows 
down the cooling and alloyed weld. 
 
Most self-shielded cored wires has a charging base type. 
Main ingredients include calcium carbonate, calcium 
fluoride, titanium dioxide, and metals such as Al. The 
most important component of the charge is calcium 
carbonate, which, during welding dissolute on CaO and 
CO2. Carbon dioxide protects the zone arc and melted 
metal from the air impact, while CaO binds impurities and 
have composition of slag. Aluminum binds the nitrogen 
from the air that penetrates into the zone of the electric 
arch. Therefore, AlN particles are formed, which in the 
form of non-metallic inclusions remain weld. 
 
In relation to the welding wire, full self-shielded cored 
welding wire is characterized by greater length of the wire, 
greater width of arch, less sensitive to the presence of 
impurities on the surface and a greater amount of flue gas. 
Increasing the length of the free end of wire (20 - 30 mm) 
has resulted in increased heating and performed melting 
more quickly, which has the effect to increase welding 
productivity. Increasing the width of the arch is due to the 
melting of the wire sheald. The components of non-
metallic filling which have a role to purify all metal also 
reduce the sensitivity of these wires to the presence of 
coating and corrosion on the surfaces of the parts to be 
welded.  
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The basic parameters of welding with flux-cored wires are: 
arch voltage, wire feed speed (control of welding current), 
welding speed and length of free end of wire [6]. 
Increasing the voltage increases the arch length, which 
leads to formation of a wider and flatter weld surfice. If 
the voltage is too high due to the excessive length of the 
arch, it can lead to deteriorating of gas protection which 
could have resulted in the occurrence of porosity in the 
weld. Increasing the speed of the wire feed increases the 
strength of the welding current which results in an increase 
in depth of welding penetration, increase in the wire 
melting speed and increase in the amount of deposited 
metal. Excessive speed of wire leads to formation of 
convex surfice joint, which affects and impairs its 
appearance. In order to maintain the proper shape of the 
weld, voltage must be increased. Too small wire feed 
speed leads the welding wire to be welded to contact tip. 
Excessive welding speed increases swelling and roughness 
of surface joints. If welding is carried out too slowly it 
leads to intensive mixing of slag and metal which leads 
that appearance of slag inclusions and coarse are uneven 
on the surface of weld. Increasing the length of the free 
end of the wire reduces the welding current. 

Figure 4. The visual appearance of self-shielded cored 
wire surface weld in a horizontal position 

7. WELDING JOINT TESTS WITH SELF-
SHIELDED CORED WIRE AND TEST RESULTS

We performed numerous welding tests under various 
conditions in order to conquer the challenge of welding 
technology with self-shielded cored wire. 
Hereinafter, test results of a sample which was evaluated 
as the best, and on the basis of which welding technology 
is made [7], is applied to the welding of described tank 
shell. 

7.1. Welding joint test 
The test joint was performed by welding two 
plates of steel S235JRG2 with dimensions 
500x200x14mm. Chemical composition and 
mechanical properties of this steel are given in 
the tables 1 and 2 [8]. Self-shielded cored wire 
was used as additional material E71T-8 
(Innershild NR 232) diameter 1,7 mm, 
manufactured by Lincoln Electric. Chemical 
composition and mechanical properties of 
additional material are summarized in tables 3 
and 4 [9]. 

Table 1. The chemical composition of steel S235JRG2 
C Si Mn P S 

≤ 0,17 - ≤  1,40 ≤ 0,045 ≤ 0,045 

Table 2 The mechanical properties of steel S235JRG2 

Yield 
strength 

Rp 0,2 MPa 

Ultimate 
tensile 

strength 
Rm MPa 

Elongation 
А % 

Impact 
toughness 
KV J at + 

20оC 
> 235 340 – 470 > 24 27 

Table 3 The chemical composition of filler material
Е71Т-8 

Table 4 The mechanical properties of filler material
Е71Т-8 

Yield 
strength 

Rp 0,2 MPa 

Ultimate 
tensile 

strength 
Rm MPa 

Elongation 
А % 

Impact 
toughness 
KV J at - 

30оC 
> 460 590 > 26 > 35

The joint test is welded in horizontal position in V baffle, 
whose dimensions are given in figure 5. The joint is 
welded by five welds. The weld number 5 is welded to the 
reverse side of the root after its sanding. Welding 
parameters are given in figure 5.  

Figure 5 Shape and dimensions of baffle used for 
joint test welding 

Table 5 The welding parameters of joint test 
* for the process η = 0,8

Specimen 
designation 

Current 
I 
A 

Voltage 
U 
V 

Welding 
speed 

Vz 
cm/min 

Welding 
speed 

Vz 
mm/sec 

Heat 
input 

Q 
KJ/mm 

* 

Remarks 

1 126 20 6,5 1,08 1,87 
2 200 25 12,9 2,15 1,86 
3 235 26 16,0 2,67 1,83 
4 238 26 22,1 3,68 1,35 
5 228 26 17,8 2,97 1,60 

C Si Mn P S Al 
0,17 0,27 0,65 0,006 0,004 0,55 
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7.2. Results of test methods without destruction 

Figure 6. lists the visual appearance of joint test surface. 
Visual inspection has concluded that joint surface have 
equal width and height and error-free in forming seam.  

Joint surface shows partially poorly cleaned remains of 
slag. Weld, with the root side of the joint, has an equal 
width and height and show no mistakes in formation of the 
seam. Radiographs of joints didn't detected cracks or other 
defects in formation of the seam. 

 

  
Figure 6. Surface appearance of joint test, 

welded with self-shielded cored wire, 
E71T-8 (Innershild NR 232) 

7.3. Results of destruction tests 
Figure 8 shows the macrostructure of joint test. 
Macrostructural examination detect no defects in forming. 

 
a) 

 
b) 

Figure 7a-b). Ferrite - pearlite microstructure of weld  
 

 
The hardness of joint test and core material are obtained 
on the sample that was used for testing the macrostructure. 

Schedule of measuring points is specified in Figure 8, and 
results of the measurements are given in Table 6.   

 

 
 

Figure 8. Schedule of spots for hardness measuring of 
joint test 

 
 

Тable 6. Hardness of joint test and base material (HV 10) 
 
 

 
Tensile properties of joint as a whole are determined by 
using flat tubes with the parallel flanks of the cut 
perpendicular to the axis of the joint. The test results are 
given in table 7. Tensile properties of weld were 
determined by examining round tube (Ø6mm). The test 
results are given in table 8. 

 
Тable 7. Test results of weld tensile characteristics as a 

whole 

 
 
 
 
 
 
 
 
 
 
 
 
 

Line 
No. 

Measurement 
location, 

BМ, 
hardness 

Measurement 
location, 

HAZ, 
hardness 

Measurement 
location, 

WM, 
hardness 

Measurement 
location, 

HAZ, 
hardness 

Measurement 
location, 

BM, 
hardness 

I 1-3/172-
186 

4-6/212-
227 

7-15/216-246 16-16/210-
240 

19-21/175-
181 

II 1-3/184 4-6/227-
236 

7 -10/215-
226 

11-13/208-
240 

14-16/178-
188 

III - - 1-11/219-231 - - 
IV - 1-8/230-

251 
-  - 

V - - - 1-8/228-254 - 

Specimen 
No. 

Ultimate tensile 
strength 
Rm  MPa 

individually          
average 

Place of 
fracture 

Remarks 

1 422  
442 

ОМ  
2 452 ОМ  
3 452 ОМ  
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Тable 8. Test results of weld tensile properties 

 
Bending test tube with joint as a whole has been done on 
specimens with parallel flanks. The test results are given in 
table 9. 
 

Table 9 Test results of joint by bending 

Sample 
No 

Tensile 
strength 
of base 
material 

Bending 
angle 

о 
Defects Satisfactory/ 

unsatisfactory 

7 root 180 no + 
8 root 180 no + 
9 The face 180 no + 

10 The face 180 no + 
 
The weld toughness was examined on to standard Charpy 
V - notch incised vertically through the thickness of the 
weld. The test results are given in table 10. while figure 9. 
shows the fracture surface of the tube. Figure 9 shows that 
the weld fracture on all three tubes was tough. 
 
Table 10 Test results of weld toughness 

Sample 
No. 

Impact energy 
Ј 

Testing of temperature 
оC 

11 47 - 20 
12 55 - 20 
13 42 - 20 

 
 

 
Figure 9. Appearance of the tubes fracture surface used in 

testing the toughness of weld  
 
7.4. Analysis of test results 
The results of visual inspection shows that surface of the 
seam is smooth, equal height and width, and with a gentle 
transition to the base material. No errors were detected on 
the surface of the weld. Radiographic examination also 
didn’t detected any unacceptable errors in weld formation 
and its surroundings. 
 
 
 

 
 
Table 7 shows that fracture occurred in the base material 
in all three tubes with whole joint. The tensile specimens 
of these plastic deformation begins in the basic material 
of which the yield stress is the lowest and is around 235 
MPa, таble 4. In case of further tightening of the tube, ie. 
during increased of voltage, the plastic deformation is 
carried out in base material, and elastic deformation 
occurs in seam. When reaching tensile strength of base 
material (422 MPa, table 7.) the refraction begins, while 
in the seam is still running only elastic deformation, 

because its higher yield stress (466 MPa, Table 8) of base 
material tensile strength. Fracture occurs in section of tube 
which has a lower tensile strength, and it is in this case the 
base material. 
 
The test results on bending and macrostructure test shows 
that this welding technology does not lead to appearance 
of cracks and other defects of weld formation. Tube 
bending angle of 180 ° without cracking, and sides of 
surface and side roots circuit, table 9 shows that the 
material in welding formation and in HAZ is sufficiently 
plastic and joint did not show brittle microstructural 
component.  
 
Relatively high levels of impact toughness and ductile 
fracture of Charpy tube guarantee that in case where errors 
occurs in joint, a risk of breakage is minimal. 
 
8.  WELDING OF STORAGE TANK 
 
In order to obtain a satisfactory accuracy of tank 
dimensions without deformation, next to the 
corresponding welding process it is necessary to apply a 
proper order in assembling and welding of storage tank. 
 
The shell tank is mounted on a steel bottom. By increasing 
a height of the tank shell increases its weight. It causes a 
deformation of the bottom. If there is a welded joint 
between the bottom and the shell, deformation of the 
bottom will be transferred to the shell. For this reason, a 
connection between the bottom and a shell should be 
welded only in case when bottom of the shell is 
"stabilized" ie. when it ceases to deforme due to increasing 
weight of the shell. In the present case, the connection 
between the bottom and a shell of the tank is welded after 
setting three segments of the shell. 
 
First, on each segment is welded vertical joints between 
the parts of the segments, and then is welded the circular 
joints between individual segments. Welding the two types 
of joints must be performed with several welders 
simultaneously (minimum four), because in this way the 
deformation caused by welding are symmetrically 
distributed in volume of the tank, figure  10 and 11. 
Only this deformation layout guarante circular form of the 
tank shell.  
 
 

Sample  
No 

Yield strength 
Rp 0,2   MPa 

Ultimate tensile 
strength 
Rm  MPa 

Elongation 
A % 

individu
ally 

avera
ge 

individu
ally 

avera
ge 

individu
ally 

average 

4 461  
466 

612  
625 

22  
22 5 468 626 21 

6 466 636 22 
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Figure 10. Welding layout of vertical joints in tank shell 
segments  

All joints are welded with a “step back” technique, figure 
11. It is defined that a length of the step back has to be 500
- 600 mm.

Given that the size of deformation is proportional to the 
heating layer of base material in the vicinity of the joint, it 
is clear that welding processes performed with higher 
speeds and less heat input generate less deformation of a 
shell. Earlier used E procedure caused a great amount of 
generated heat into the joints  due to low welding speed 
and a large number of extensions (bits are practically 
heated two times because replacement of electrodes). With 
introduction of welding with self-shielded cored wire, an 
amount of heat input is reduced, because performed 
welding time is 3 times faster, at the expense of increasing 
the welding speed and at the expense of reducing the 
number of bits. This reduces deformation of the tank shell. 
Figure 12. generating displays of tank shell in the areas of 
joints between segments. The figure shows that walls are 
leveled and without deformation. 

Figure 11. Welding joints of the shell between segments 
with a step back technique 

Figure 12. Generating layer of the storage tank  
in the zones of joints between segments of a shell 

9. CONCLUSIONS

Displayed welding technology enables development of 
coatings for storage tanks for oil products practically 
without deformation. This is possible primarily through 
the use of welding procedure with a self-shielded cored 
wire. The process is characterized by high speed welding 
which causes small heating of base material next to the 
joint and low level of deformation. In addition to welding 
procedure to reduce tank shell deformation, the big 
importance is a layout of assambeling, layout of welding 
and a back step technique performed in welding of 
individual joints.  

Manufacturers of storage tanks have used E process so far 
for welding this tank shells, particularly for those with a 
volume of less than 10,000 m3. This process is 
characterized by ability to work in adverse weather 
conditions, which increases the number of working days in 
a year and a small welding speed. With application of 
welding with self-shielded cored wire, the work in adverse 
weather conditions is still possible while welding speed is 
considerably increased. In this way a welding productivity 
is increased and deadlines for the development of the tank 
is shorten.  

Displayed welding technology has enable improvement of 
construction of storage tanks for oil products with an 
installation of floating membrane. Membrane significantly 
reduces the evaporation by floating on the working fluid. 
Given that a pressure in the tank needs to be constantly 
equal to atmospheric pressure, a membrane significantly 
reduces the losses of a working fluid to an atmosphere and 
thus pollution of the environment. 

Compared to E procedure, device prices and additional 
materials for self-shielded cored wire are significantly 
higher. However, high productivity guarantee an economic 
viability of the method in a reasonable time. 
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The landslide Bocke is located in the region of Sremska Kamenica, on the territory of the city of Novi Sad. The 
unstable area comprises an exceptionally large area, namely about 1.5 km2. The deepest sliding planes, which were 
previously active, are at a depth of 20-30 m. The landslide begins at the bottom of the Danube. Intensive surveys of the 
landslide began 18 years ago as a result of the problems arising from the inability to connect about 1000 buildings built on 
the landslide to the main water and sewage network. The survey took a long time and it was therefore conducted in several 
stages. Each new stage represented a continuation of the previous surveys. This yielded increasingly detailed and reliable 
data on the landslide. This approach to the surveys meant that it has only now become possible to begin planning the 
countermeasures. 

Keywords: Landslide, Geotechnical engineering, Site investigation
1. INTRODUCTION

The village of Bocke was built on the landslide, 
initially as an area with about 1000 holiday homes, which 
was later legalized and is now part of the city of Novi Sad. 
Bocke is located on the northern slope of the Fruška Gora, 
directly along the right-hand valley bank of the Danube. In 
the morphogenetic sense, this area is pronouncedly wavy 
and characteristic of areas affected by landslides along the 
Danube. The unstable area comprises an exceptionally 
large area, namely about 1.5 km2. The deepest sliding 
planes, which were previously active, are at a depth of 20-
30 m, and this variable depth is caused by the present 
morphology of the terrain surface, which is a reflection of 
movements during the exceptionally long time period that 
the unstable slope has existed. Along the circumference of 
the unstable area, and especially in certain zones, are the 
regions of the main scars of the landslide with steep, 
almost vertical stretches that are 10-15 m high. The width 
of the landslide is the greatest in the Danube area and it is 
about 1.5 km. The width of the landslide decreases 
gradually up the slope and encompasses a length of about 
1 km. To date, several stages of detailed geotechnical 
investigations of this landslide have been carried out, and 
numerous data have been collected. This paper will 
present only data relevant from the aspect of the projecting 
of the geotechnical investigations. 

The dynamics of the movements of such a large 
landslide is definitely very complex, namely, such a large 
sliding mass moves partially in sections, that is in smaller 
landslides. All the geotechnical investigations and 
explorations of the dynamics of the movements must 
determine the following: geological and other prerequisites 
for reactivating landslides that have moved already, 
prerequisites for the sliding process to move up the slope, 
the directions in which the landslide is moving, the depth 
and intensity of the movements. 

All of the above needs to be dealt with reliably 
during the planning process of the geotechnical 
investigations work and during its realization. As a rule, 
and according to our practical guidelines, in this and 
similar landslides, this was solved by a several-year-long 
process of planning exploratory work and its realization 

through a number of stages, which is what is presented in 
this paper. 

In the zone of the landslide, from the Danube to the 
top front scar, there are several distinct morphological 
sections that essentially represent the scars of certain main 
sliding stages. In the morphometric sense, the landslide 
area practically begins from the bottom of the Danube at 
an elevation of about 62 m and continues up the slope to 
an elevation of about 220 m. 

Along the circumference of the landslide, there are 
loess sediments which are slightly tilted towards the 
Danube from the highest saddle areas. 

2. INVESTIGATIONS OF LARGE LANDSLIDES OF
THE DANUBE 

The aim of the research is to provide conditions for 
the optimal choice of technical solutions to repair the 
landslide, which depend on the properties of the geological 
environment and are as follows: dividing the area into 
zones according to stability, predicting the future 
development of the sliding process as a result of 
constructing linear structures and urbanizing the area, 
recommending necessary countermeasures to improve the 
overall stability of the entire slope, determining the 
necessary geotechnical parameters and foundations for 
carrying out the main construction project of repairing the 
now active landslide, conditions for connecting buildings 
to the water and sewage networks in Bocke. 

The task of the research is to define the following 
through the application of complex research methodology: 
lithogenic types of rocky masses, boundaries between 
them, spatial location, unstable areas with active and 
dormant landslides, tentatively stable areas and stable 
areas, the depth of sliding using inclinometers, the shape 
of the Danube riverbed through sonar scanning, 
hydrogeological properties of rocky masses and terrains, 
the physical and mechanical properties of samples and 
predictions of terrain behavior based on them, 
mathematical stability models, countermeasures that will 
be fully elaborated in the Main Countermeasure Project. 

On the right-hand valley bank of the Danube, there 
is a large number of active landslides that create large 
unstable slopes [1, 2, 3]. Landslides particularly prominent 
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in this sense are in the following areas: Čerević, Novi Sad, 
Sremski Karlovci, Čortanovci, Inđija and Smederevo. All 
these unstable areas and the large number of landslides 
making them unstable have been studied in a particularly 
detailed manner during the past 60 years. The scope of the 
exploration and the survey can be followed in a large 
number of geotechnical studies, reports, and published 
scientific papers. Countermeasures were carried out on 
some landslides and certain experience was gained. The 
aim of this paper is not to quote these numerous materials 
and published papers, but to emphasize the necessity of 
being well acquainted with all those results in order to 
begin carrying out the project of geotechnical 
investigations on some of the landslides. Such an approach 
is important because sufficient quantitative and qualitative 
data has been gathered to classify landslides formed on the 
right-hand valley bank of the Danube as Danube-type 
landslides. Landslides of this type have certain specific 
features but also identical ones that can classify them as 
similar. The comprehensive geotechnical investigations 
carried out to date on Danube-type landslides, especially 
in the zone of the Sloboda bridge, the Beška bridge and 
Bocke, the landslides at Čortanovci, the landslides at 
Čerević and to a lesser extent landslides at Karlovci, 
confirm the following: 
• unstable slopes comprise areas from the Danube to 

loess slopes 
• unstable slopes are made up of a large number of 

smaller landslides 
• the deepest sliding planes are exceptionally deep, 
• the movements of the deep landslides are very slow 
• repairing such landslides is exceptionally difficult and 

expensive 
• the directions of the movements are both upriver and 

downriver towards the Danube 

3. GEOTECHNICAL INVESTIGATIONS OF THE 
LANDSLIDE AT BOCKE 

The first significant explorations and surveys of the 
landslide at Bocke were carried out during the period of 
compiling the basic geological mapping (BGM) and the 
basic engineering geological mapping (EGM). These 
surveys possess a general character and are based on 
methodological procedures regulated by the set of 
instructions for compiling these types of maps. Basically, 
these procedures serve to map the terrain, and only 
exceptionally were individual boreholes located in 
unstable areas. The reason for such procedures lies in the 
fact that for the purpose of compiling these maps, it is 
more important to define the lithogenic composition of the 
surveyed area than the relevant facts that define: the 
composition of the landslide, the dimensions of the 
landslide, the genesis of the sliding process and significant 
parameters of rock mass resistance within the body of the 
landslide, and especially in the sliding planes. 

On the BGM, published in the Novi Sad map and 
the EGM, the Novi Sad map, in draft version, the landslide 
at Bocke is sufficiently precisely marked. In the period 
following the compiling of these maps and for the purpose 
of the Novi Sad – Beočin road, comprehensive and 
detailed geotechnical investigations were carried out in the 
zone of the landslide, including the precise survey of the 
landslide at Bocke along the road. 

The 1st stage in 1998 was significant in the process 
of geotechnical investigations planning. At that time, a 
project carried out according to the adopted survey 
concept at the Faculty of Technical Sciences was supposed 
to determine the stability of the landslide, the dimensions 
of the landslide, the spatial distribution of rocky masses in 
the stable part of the terrain as well as the unstable region, 
the genesis of the sliding process and the dynamics of the 
movements, in accordance with the planned survey 
activities. 

This stage of the survey involved the planning of 
exploratory fieldwork located both in the stable and 
unstable parts of the terrain (Fig. 1). All the planned 
exploratory fieldwork was carried out and the results were 
presented in the appropriate report by the Institute for 
Roads. 

The first stage of the surveys and the plan for 
exploratory work within that stage were based mainly on 
exploratory boreholes and related data. A relatively large 
number of core samples was taken and detailed laboratory 
investigations were performed. Only one borehole had an 
inclinometer structure installed. No surveys were carried 
out in the Danube riverbed. 

The survey yielded valuable data which permits us 
for the first time to say with certainty what the dimensions 
of the landslide at Bocke area. Still, these explorations 
were not sufficient in scope to allow us to commence a 
rational planning of countermeasures through construction 
projects. Namely, the landslide at Bocke comprises an 
exceptionally large area and previous exploration was 
carried out to solve the issue of the general stability of the 
slope. For those reasons, the surveys did not include the 
influence of the Danube on the sliding process and no 
boreholes were made in the Danube riverbed. In addition, 
only one inclinometer was installed, which is definitely 
insufficient for such a large landslide as the one at Bocke. 

The process of the geotechnical planning of 
exploratory work at the Bocke landslide to be carried out 
in stages was resumed in 2011. At that time the project 
regarding the 2nd stage of exploratory work was conceived 
at the Faculty of Technical Sciences. The project was 
detailed and contained all the legal and usual parts. 
Basically, the project contains, along with the usual parts, 
the specially highlighted most important results of all the 
surveys until now, all the important dilemmas and 
unsolved problems. 

All the planned exploratory work (Fig. 1) was 
carried out from 2011 to 2012 to a high standard and was 
presented in the geotechnical report by the Institute of 
Water Resources DTD. 

Conceptually taken, the second stage of the 
geotechnical investigations project is based on the 
following: 

• All exploratory field work is at the landslide, 
• The depth of the boreholes is such as to penetrate 

only up to 5 m into the stable rocky mass, 
• The boreholes are designed in such a way as to 

increase their density compared to the previous 
planning and exploratory stage, 

• Three boreholes are in the Danube riverbed, where 
no such work was carried out previously, 

• Each borehole contains an inclinometer structure 
(9) or a piezometer structure (4), 
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• Inclinometric measurements are carried out until 
the completion of the geotechnical report (3 
measurements) and afterwards (3 measurements), 

• After the completion of the second stage, the 
landslide at Bocke must continue to be monitored. 

Only after the completion of the report on the 
second stage were the necessary prerequisites met for 
commencing the construction projects. With regard to that, 
a preliminary construction plan will be produced of the 
repairs to the landslide at Bocke. Due to the urgency of 
constructing a water and sewage network for the village of 

Bocke, in the opinion of this paper’s authors, it is possible 
to carry out the main construction project of draining 
surface water from the entire area possibly with shallow 
drainage as well as the main construction project of the 
water and sewage networks. Both these projects must be in 
accordance with the preliminary project of repairing the 
landslide in question. 

Figure 2 shows the landslide at Bocke and shows 
differently area of stability. 

 
 

 
Figure 1: Investigation works in 1998 and 2011 
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Figure 2: General classification of terrain according to stability 

4. CONCLUSION 
Surveying large Danube-type landslides must be 

carried out in stages. Two stages of detailed surveys have 
been carried out at the landslide at Bocke and appropriate 
equipment for the long-term monitoring of the landslide 
was installed. In the stage of planning the countermeasures 
and during their implementation it will be necessary to 
carry out additional as well as control surveys. 
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