W il o Cc ATk 0 NS

SCIENTIFIC LETTERS OF.TH:E' UNIVERSITY OF ZILINA Volume 26

: UNIVERSITY : < : .
" | OFZILINA . .

420009

n
o
n
=
|
n
m
m
=
=
(2]
(2]
-

771335

9




UNIVERSITY OF ZILINA

EDIS-Publishing House
UNIZA

EDIS-Publishing House of the University of Zilina (UZ) is one of the University of Zilina‘s consituents.
The beginning of its existence dates back to 1990. In the course of its work, the publishing house
has published more than 4 900 titles of book publications, especially university textbooks, scientific
monographs, scripts, prose, but also enriched the book market with titles of regional, children‘s and
popular literature.

Students and professional public have the opportunity to purchase published titles in the ,Selling
Study Literature® directly on the premises of the University of Zilina, in the EDIS shop or upon order

on a ,cash on delivery“ basis. All published titles are available at: www.edis.uniza.sk.

1

STEEL STRUCTURE

GLOBALIZATION we DEVELOPMENT o INFRASTRUCTURE

EVALUATION OF QUALITY
IN RAIL?IAY‘TRANSPOH
; t L
X A

N

EDIS-Publishing House of the University of Zilina offers book titles in English

Lenka Cernd, Jozef Danis
APPLICATION OF COST ALCULATIONS
IN THE TARIFF POLICY FORMATION

IN RAILWAY TRANSPORT
ISBN 978-80-554-1391-4

Price 7.61 €

Eva Nedeliakovad, Jana Sekulovéa
EVALUATION OF QUALITY
IN RAILWAY TRANSPORT
ISBN 978-554-1272-6 Price 8.00 €
Martin Bugaj
AEROMECHANICS 1
ISBN 978-80-554-1675-5  Price 14.50 €
Jan Bujridk, Ruzica Nikolic,

Jelena Djokovic

STEEL STRUCTURES COLLECTION

OF SOLVED PROBLEMS

WITH EXCERPTS FROM T

HEORY

ISBN 978-80554-0404-2 Price 9.34 €

EDIS-Publishing House UNIZA

Univerzitna 8215/1,
010 26 Zilina,
Slovakia

Anna Tomovd

ECONOMICS OF AIR NAVIGATION
SERVICES

ISBN 978-80-554-0905-4  Price 14.30 €

Marica Mazurek
MODELS OF BRANDING AND THEIR
APPLICATION

ISBN 978-80-554-1705-9 Price 9.00 €
Jozef Melcer

DYNAMICS OF STRUCTURES

ISBN 978-80-554-1698-4  Price 19.00 €
Jozef Gasparik et al.

RAILWAY TRAFFIC OPERATION

ISBN 978-80-554-1281-8  Price 15.80 €

Tetiana Hovorushchenko et.al.

CD - INTELLIGENT INFORMATION-
ANALYTICAL TECHNOLOGIES...

ISBN 978-80-554-1729-5 Price 3.50 €

Karol Matiasko, Michal Kvet,
Marek Kvet

CD - PRACTICES FOR DATABASE
SYSTEMS

ISBN 978-80-554-1397-6 Price 2.20 €
Michal Kvet, Karol Matiasko,

Stefan Toth

USB - PRACTICAL SQL FOR ORACLE
CLouD

ISBN 978-80-554-1880-3  Price: 11,30 €

Veronika Valaskova,

Daniela Kucharova

USB - STATICS OF STRUCTURES 3

ISBN 978-80-554-1826-1 Price: 8,90 €

Michal Kvet, Karol Matiasko, Marek Kvet
USB - BECOME EXPERT IN MYSQL
PRACTICES FOR DATABASE SYSTEMS
IN MYSQL

ISBN 978-80-554-1786-8  Price 13.50 €

e-mail: edis_objednavky@uniza.sk, edis@uniza.sk
www.edis.uniza.sk




[OMNIKOCIE

c oM M U N I C A T I O N ¢

B - MECHANICAL ENGINEERING

PECULIARITIES OF DESIGNING THE FRAME OF A UNIVERSAL CONTAINER

MADE OF RECTANGULAR PIPES B72
J. Gerlie, A. Lovska, M. Pavliuchenkov, O. Kravchenko

THE SERVICE LIFE PREDICTION FOR BRAKE PADS OF FREIGHT WAGONS B30
S. Panchenko, J. Gerlici, A. Lovska, V. Ravlyuk

COMPARISON OF THE MOLDING PARAMETERS EFFECTS ON METAL
INJECTION MOLDED SPECIMENS IN THE REAL EXPERIMENTAL

AND SIMULATION ENVIRONMENTS B90
G. Ledniczky, Z. Weltsch

TESTING OF RAILWAY EQUIPMENT FOR THE IMPACT ON THE TRACK

AND TURNOUTS B99
S. Abdullayev, G. Bakyt, A. Abdullayeva, B. Duisembayeva, Y. Askenov, G. Ashirbayev, R. Besekenov

APPRAISAL RELIABILITY OF ELECTROMECHANICAL EQUIPMENT

OF RAIL SERVICE CAR B108
Z. M. Gafurdjanovna, S. F. Sabirovich, D. M. Gafurdjanovna, G. L. Ruslanovna, S. K. Sharof Ogli

EFFECT OF ENVIRONMENTAL CONDITIONS ON CURING OF POLYURETHANE

ADHESIVE INVESTIGATED WITH FTIR ANALYSIS B118
P. 1. Kovécs, Z. Weltsch, M. Berczeli
PITS TRANSPORTING SYSTEM FROM PITTER FRUIT MACHINE - CASE STUDY B123

.. Nowakowski, P. Kurp, M. Skrzyniarz, S. Blasiak, W. Depczyriski
DEVELOPMENT OF THE BONDING TECHNOLOGY OF MODERN AUTOMOTIVE

MATERIALS WITH ENVIRONMENTALLY FRIENDLY SOLUTIONS B135
Z. Weltsch, F. Tajti, M. Berczeh

C - ELECTRICAL ENGINEERING IN TRANSPORT

IMPROVING THE ENERGY EFFICIENCY OF OPERATION OF A MULTI-MOTOR PLATE

CONVEYOR IN THE STEADY-STATE OPERATION MODE c1
A. K. Kelishekov, N. A. Daniyarov, B. G. Moldabaev

D - CIVIL ENGINEERING IN TRANSPORT

THE USE OF RECYCLED CONCRETE POWDER AS SUPPLEMENTARY CEMENTITIOUS

MATERIALS FOR MANUFACTURING CONCRETE D27
0. Douidi, A. Tafraoui, A. Makani, P. S. Ros

E - MANAGEMENT SCIENCE AND INFORMATICS IN TRANSPORT

ESTIMATION OF VULNERABLE ROAD USER ACCIDENT FREQUENCY THROUGH
THE SOFT COMPUTING MODELS E1

S. Jaglan, S. Kumari, P. Aggarwal



B72

ORIGINAL RESEARCH ARTICLE

This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International License (CC BY 4.0), which permits
use, distribution, and reproduction in any medium, provided the original publication is properly cited. No use, distribution or reproduction is permitted
BY

which does not comply with these terms.

Mechanical Engineering in Transport

PECULIARITIES OF DESIGNING THE FRAME OF A UNIVERSAL
CONTAINER MADE OF RECTANGULAR PIPES

Juraj Gerlici', Alyona Lovska'*, Mykhailo Pavliuchenkov?, Oleksandr Kravchenko'

!University of Zilina, Zilina, Slovak Republic
Ukrainian State University of Railway Transport, Kharkiv, Ukraine

*E-mail of corresponding author: alyonaLovskaya.vagons@gmail.com

Juraj Gerlici 2 0000-0003-3928-0567,
Mykhailo Pavliuchenkov = 0000-0003-0542-7284,

Alyona Lovska 2 0000-0002-8604-1764,
Oleksandr Kravchenko 2 0000-0003-4677-2535

Resume

The features of designing the frame of a universal container made of square
pipes are presented in this paper. The two frame loading schemes are
taken into account: the effect of vertical loading on the container frame
when it is lifted by the upper corner fittings (I loading mode); the effect of
longitudinal loading on the frame during transportation by the rail transport
(IT loading mode). Mathematical modeling was performed to determine
the longitudinal loading acting on the container in the II loading mode.
The determined acceleration is taken into account when constructing the
schemes of force factors that arise in the frame. The strength of the frame
was calculated using the finite element method, which was implemented in
SolidWorks Simulation. The conducted research could contribute to creation
of recommendations and developments regarding the design of modern
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1 Introduction

Container transportation has long been one of the
most successful symbioses of transport interaction. Due
to the mobility of their design, containers are transported
by all types of transport [1-3]. One of the most common
logistics schemes is the transportation of containers by
rail transport with subsequent transshipment onto the
decks of railway vessels. In this case, the transshipment
of containers from one type of transport to another is
carried out with the help of lifting and transporting
equipment - spreaders, fork-lift trucks, etc. Containers
can be damaged as a result of loading and unloading
operations. Such damages include a rupture of the
cladding, deformation of the frame elements, broken
welds, etc. These damages not only cause the need for
additional capital costs for the operation of containers,
in particular for repairs, but can also cause damage to
the cargo placed in them. In addition, such damages
threaten the traffic safety of vehicles transporting such
containers. In this regard, there is a need to create
modern container designs with improved technical
properties, including operational ones.

2 Analysis of recent research and publications

Currently, there is a large number of developments
on design of the modern container structures. Some of
them are considered hereon. For example, in work [4],
an analysis of the stresses occurring in the structure
of the container during its transportation by water
transport is carried out. A 40-foot container of standard
size 1AA is taken into account. The calculation results
made it possible to formulate the main requirements for
operation of such a container.

Authors of publication [5] also analyzed the strength
of the universal container, however, in the case of
transporting it by rail. They obtained the dependence
of the influence of the container’s own movements
on its strength. It must be said that the works [4-5]
do not propose solutions for improving the container,
which would enable the enhancement of its operational
properties.

The creation of a new design of a specialized
container is covered in publication [6]. The container
is intended for transportation of fruit and vegetable
products. The authors not only highlighted the features
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H - height; B - width; S - wall thickness

Figure 1 Pipe section

of its design, but also performed the strength calculation.
The paper also mentions the prospects for operation of
such a container. Similar studies are also covered in
work [7], where a design of a container for fruit and
vegetable products is also proposed.

Peculiarities of designing a container, according to
the ISO standard size, are considered in the work [8].
The main loading patterns of the container in operation
are analyzed. The influence of operational loadings on
the strength qualities of the container was studied.
Further prospects for creation of modern container
designs have been determined. Along with this, the
authors of works [6-8] did not propose solutions for
improving the design of the container frame, as its most
loaded component.

To reduce the dynamic loading of the container
during transportation by rail, works [9-10] proposed
to make its walls from sandwich panels with a layer
of energy-absorbing material. These panels are
supposed to be attached to the frame. To justify such an
implementation, the simulation of the container loading
(longitudinal and lateral) and the calculation of strength
of its structure were carried out. The obtained results
proved the effectiveness of the proposed improvement.
At the same time, the authors’ team did not pay
attention to the improvement of the container’s frame.

Determination of the stress-deformation state of the
container body with a variable volume is carried out in
work [11]. The calculation was carried out in the ANSYS
software. Experimental studies were carried out on the
lateral skew of the container at insignificant loads to
check the adequacy of the obtained results.

The study of the stress-deformed state of the
container body when it is lifted by a crane and moved
by a drag is carried out in the publication [12]. The
theoretical determination of strength indicators was
carried out in the WinMachine ARM software package.
The experimental study of strength was carried out
using the method of electrical strain measurement.

The determination of the dynamic load of the
container under operational load modes was carried out
in work [13]. The obtained values of dynamic loads are
taken into account when calculating the strength of the

container in the Ansys software.

However, solutions for improving the supporting
structure of the container and its technical and economic
indicators are not given in these works.

The literary review of sources [4-13] proves that the
creation of modern container designs is a very relevant
issue, but it needs further development.

The purpose of this study was to highlight the
features of creating a frame of a universal container
from square pipes. To achieve this goal, the authors set
the following tasks:

* to determine the force factors that occur in the
structure of the container frame during operational
loading modes;

to choose the profile of the container frame execution
and calculate its strength.

The proposal of the new container frame
design

To reduce the damage to the container during the
operational modes, it is suggested to make its frame
from the closed profiles - square pipes (Figure 1) [14].
When designing this container, the requirements of
the international standard ISO 668 “Series 1 cargo
containers. Classification, dimensions and nominal
characteristics” were taken into account.

To justify the expediency of such an implementation,
a frame scheme is proposed, which is shown in Figure 2.
The study was carried out on the example of a 24-ton
container (1CC).

To determine the parameters of the frame pipes,
the corresponding calculations were carried out in
the Lira - SAPR. Lira - SAPR is a multifunctional
software complex designed for the design and calculation
of machine-building and construction structures for
various purposes. Calculations in the program are
performed for both static and dynamic effects. The
finite element method is the basis of calculations in this
software. Various available modules can be connected to
select and to check cross-sections of steel and reinforced
concrete structures, model of soil, calculation of bridges
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Figure 2 Container frame

Figure 3 Calculation scheme of the frame
for the I loading mode

and behavior of buildings during the installation period,
etc. [15].

In this case, the frame is considered as a rod system.
Two frame loading schemes are taken into account:

e vertical loading of the frame when it is lifted by the
upper corner fittings (I loading mode);

¢ Jongitudinal loading of the frame during the
transportation by rail transport (II loading mode).

The calculation scheme of the frame when it is lifted
by the upper corner fittings is shown in Figure 3.

The fact that the container frame is secured by the
upper corner fittings is taken into account. The vertical
loading P is transferred to the lower part of the frame,
which is intended for placing floor boards. It is also taken
into account that the vertical load P, is determined by
the weight of the transported cargo and the container’s
own weight, i.e. gross weight of the container. In this
case, the conditional load was considered using the
full carrying capacity of the container. Taking this into
account, the schemes of longitudinal (Figure 4) and
lateral forces (Figure 5) acting in the frame, as well
as the scheme of bending moments (Figure 6) were
obtained. Here, in Figures 4 - 6, “extension” is indicated

v
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-
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Figure 4 Scheme of the longitudinal forces acting
in the frame (N)
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Figure 5 Scheme of the lateral forces acting
in the frame (N)

in orange, and “compression” is indicated in blue.

The analysis of a scheme shown in Figure 4 leads
to the fact, that the longitudinal forces in individual
sections of the frame are constant. This is explained by
the fact that the elements in individual sections were
considered as one whole rod that experiences a given
type of internal force (tension or compression).

Therefore, the maximum value of the longitudinal
force occurs in the vertical struts and equals 31.6 kN.
This is due to the fact that they act as an intermediate
adapter between the anchor point and the area of
application of force to the container frame.

The maximum value of the lateral force occurs in
the intermediate vertical struts. Its value is 19.6 kN.

These struts connect the bottom part of the
container frame with the lower one. Therefore, in
the case of loading the lower part of the frame, the
maximum values of this force occur here.

The maximum value of the bending moment also
occurs in the intermediate vertical struts and equals
13.6 kNm. The scheme of frame movements under the
action of vertical loading is shown in Figure 7.

At the same time, the longitudinal beams of the
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Figure 6 Scheme of the bending moments acting
in the frame (N m)

>

Figure 7 Scheme of the frame movements under
the action of vertical loading

Figure 8 Calculation scheme of the frame
for the II loading mode

upper and lower parts of the frame experience the
largest movements. This is due to the fact that an evenly
distributed loading is applied to the beams that form the
lower part of the frame.

In addition, as part of the study, the calculation
of the container frame under longitudinal loading was
carried out, taking into account its transportation by
rail transport (on a flat wagon as a part of a train). The
calculation scheme of the frame is shown in Figure 8.

In this case, the longitudinal loading P, was applied
to the beams forming the lower part of the frame,
namely to the longitudinal beams. This scheme is
explained by the fact that the load on the lower frame
of the container when transported by a flat wagon is
transferred from the corner fittings, which interact with
the fitting stops. The movement of cargo relative to the
container was not taken into account. The frame was
secured in corner fittings.

To determine the amount of the longitudinal force,
a mathematical model, formed in the previous work of
the authors [16], was used. However, this model was
further developed to determine the longitudinal loading
of a container placed on a flat wagon when a longitudinal

force is applied to it. In view of this, the model has the
following form:

Mrw + 1y = P— Z:l(FFR - sign(qn — ¢2)), 1)

M.« s = (Frr + sign(q1 — q2)),
here M,,,, M, - inertial coefficients, which characterize,
respectively, the mass of the frame of the flat wagon
and the container; P - force acting on the stops of
the automatic coupling device of the flat wagon; F,,
- frictional force between the frame of the flat wagon
and the containers; ¢, and g, - generalized coordinates
characterizing the movement of a flat wagon and
a container, respectively.

The calculation was carried out under the condition
that a longitudinal force of 2.5 MN [17] is applied to the
stops of the automatic coupling. It was considered that
this force acts in the form of a “jerk” with a constant
value.

It is important to note that it is necessary to take
into account the value of forces that are characteristic of
their operating conditions in the case of using this model

VOLUME 26
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Figure 9 Scheme of the longitudinal forces acting
in the frame (N)

Figure 10 Scheme of the lateral forces acting
in the frame (N)

for a 1435 mm gauge car equipped with a screw tie.

The solution of the mathematical model was carried
out by the method of variation of arbitrary constants,
with initial conditions close to zero [18-19]. Based on
the calculations, it was established that the longitudinal
acceleration acting on the container is about 20 m/s%

This value of acceleration is taken into account
when constructing the loading scheme of the container
frame in the II loading mode. The calculation results
are shown in Figures 9 - 11. Analyzing the data of the
scheme, one can conclude that the maximum value
of the longitudinal force occurs in the bottom part of
the frame and equals 100 kN (Figure 9). This can be
explained by the fact that it was secured by the lower
corner fittings. The maximum value of the lateral force
was recorded in the longitudinal beams and amounted
to 21.1 kN (Figure 10). This is explained by the same
argument as for the situation with longitudinal forces.
The maximum bending moment occurs in the bottom
part of the frame and is equal to 14.2 kNm (Figure 11).

The scheme of the frame movements in the II
calculation mode is shown in Figure 12.

At the same time, the lateral beams of the lower
part of the frame experience maximum displacement.

/>>

Figure 11 Scheme of the bending moments acting
in the frame (Nm)

<

Figure 12 Scheme of the frame movements when
a longitudinal force is applied to it

This circumstance is caused by the fact that it is fixed
by the lower corner fittings, and the longitudinal force is
applied to the lateral beams.

Based on the obtained results, the moment of
resistance of the section of the container frame execution
profile was determined. In this case, the following
dependency was used [20]:

M

W:m, (2)

here M - value of the maximum bending moment acting
in the section of the frame; [c] - allowable stresses for the
material of the frame execution (steel grade 09G2S, [c]
= 210 MPa [13]).

It should be noted that grade 09G2S steel is
standard for the manufacture of containers.

The cross-sectional area of the frame execution
profile was considered, as well. In this case [20]

r

A:m, 3)

here F - value of the longitudinal force acting in the
frame.
It must be said that according to the results of
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Figure 13 the 3-D model of the container frame
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Figure 14 Stressed state of the container frame

calculations, the selection of the section parameters of
the frame was carried out according to Equation (2),
since here the value of the moment of resistance, from
the point of view of ensuring the strength of the frame
execution profile, is more important. Taking into account
the conducted calculations, it was established that the
profile of the frame execution is a square pipe with
the following parameters: H = B = 120mm, S = 4mm,
W = 67.05 cm®. Based on the specified parameters, the
mass of the container frame will amount to about 500kg.

At the next stage of the research, a spatial model
of the container frame was built (Figure 13) and its
FEM analysis was carried out in SolidWorks Simulation
[21-22].

The results of the calculation of the container’s
strength under the II loading mode are shown in Figures
14 and 15.

The maximum stresses occur in the lateral beam
and amount to 197.6 MPa (Figure 14), that is, they are
lower than permissible. The maximum displacements
occur in the middle part of the longitudinal beam and
amount to 1.8 mm (Figure 15). Therefore, the strength
of the container frame under operational loadings is
ensured [17].

4 Conclusions

1. The force factors that take place in the structure of

the container frame during the operational loading

URES [mm)

- L363e+000

L817e+000
LE66e+000

1.514e+000

L 1211e+000
1060e+000
9.086e-001
7.571e-001
6.057e-001
4.543e-001
3.029e-001
1.515e-001
1.000e-004

Figure 15 Displacements in the nodes
of the container frame

modes are determined. At the same time, the two
schemes are considered: the effect of the vertical
loading on the frame of the container when it
is lifted by the upper corner fittings (I loading
mode) and the effect of the longitudinal loading
on the frame during the transportation by rail
transport (II loading mode). It was found that the
maximum value of the longitudinal force in the
I mode occurs in vertical struts and equals 31.6 kN.
The maximum value of the lateral force is recorded
in the intermediate vertical struts and equals
19.6 kN. The maximum value of the bending moment
also occurs in the intermediate vertical struts and is
equal to 13.6 kKN m.

To determine the longitudinal force acting on the
frame of the container, mathematical modeling
of its dynamic loading when placed on a flat
wagon was carried out. It was established that the
longitudinal acceleration acting on the container
is about 20 m/s% In view of this, the calculation
of the container frame in the II mode was carried
out. The maximum value of the longitudinal force
occurs in the bottom part of the frame and equals
100 kN. The maximum value of the lateral force was
recorded in the longitudinal beams and amounted
to 21.1 kN. The maximum bending moment occurs
in the bottom part of the frame and is equal
to 11.5 kNm.

The profile of the container frame execution
was selected - a square pipe with parameters:
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H =B =120 mm, S = 4mm, W = 67.05 cm®. Here,
the mass of the container frame was about 500kg.
The strength of the container frame was calculated.
The calculation results showed that the maximum
stresses occur in the lateral beam and amount to
197.6 MPa. The maximum displacements occur
in the middle part of the longitudinal beam and
amount to 1.8mm. Therefore, the strength of the
container frame under the considered operational
loadings is ensured.
The conducted research could contribute to creation
of recommendations and developments in the sphere of
designing modern structures of vehicles of a modular

type.
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Resume

The analysis of the statistical values of wear of brake pads in operation,
based on which a wear model was developed, is presented in this paper. This
model can be used for predicting the remaining service life of brake pads
according to the wagon mileage.

The distribution function of wear on the upper and lower parts of the
pad was determined, which made it possible to find the main qualitative
characteristics, namely, the wear intensity, the Y -percentage wear, and the
average pad wear at a specified wagon mileage.

The results of the study can be factored for solving complex engineering
problems of excessive wear of composite brake pads used for freight rolling
stock; they could also help to extend the guaranteed overhaul period and
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1 Introduction

Nowadays, Ukrainian Railways (Ukrzaliznytsia) is
suffering deterioration of the technical condition of the
mechanical brake system of rail wagons, which is the
key element of the train traffic safety. The analysis of the
traffic safety of the rolling stock has demonstrated that
the excessive wear of pads can cause many failures in
operation [1]. The reason for this is an imperfect design
of the brake leverage system of the bogie, which has not
been modernized for a long time.

The results of the study have revealed that excessive
wear of pads is caused by the design features of the
brake leverage system, which decreases the braking
efficiency of wagons due to a smaller contact area in
the brake pad/wheel tribotechnical pair (Figure 1).
Therefore, this leads to frequent repairs of freight rolling
stock, additional energy costs of train traction; and less
efficient technical and economic performance of railway
transport enterprises.

In recent years, leading wagon manufacturers have
successfully modernized elements of a typical brake
leverage system, which have extended the guaranteed
overhaul periods for brake pads and improved the

reliability, durability and maintainability of the brake
system [2-5].

2 Analysis of recent research and publications

Based on preliminary observations over wagons,
conducted under the operational conditions, it was found
that the dual wedge-shaped wear of pads depends on the
design and state of the brake system of a wagon bogie.
If the wagon mileage reaches 75,000 km, the excessively
worn composite brake pads with a residual working
mass of 39 % are replaced; it implies excessive operating
costs, which, however, can be avoided by modernizing the
brake leverage system for wagons used as railway and
industrial transport means. This will extend overhaul
periods and increase the wagon mileage, providing that
the service life of brake pads is predicted [6].

The service life of composite brake pads with mesh
and wire frame, which is now in full-scale production
and used in the wagon brake system, is from 90,000
to 200,000km, according to [7]. Based on the results
of the study, the average mileage per 1mm of the pad
thickness is 3,500km on average. However, due to
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COMMUNICATIONS 26 (2) B80-B8¢9


https://orcid.org/0000-0002-7626-9933
https://orcid.org/0000-0003-3928-0567
https://orcid.org/0000-0002-8604-1764
https://orcid.org/0000-0003-4818-9482

THE SERVICE LIFE PREDICTION FOR BRAKE PADS OF FREIGHT WAGONS B81

Figure 1 Unserviceable brake pads with a large residual working body

the use of innovative materials, special designs, and
improvements in the brake leverage system, the service
life of a pad can be significantly increased.

In work [8], the authors proposed an approach to
the statistical study. Thus, they evaluated the force with
which the brake pad presses the wheel, the hardness
of the pad material, etc., when determining the brake
distance depending on the speed, the track gradient,
and the curve radius during the rolling stock braking.
The critical slope values of the brake distance, with full-
service braking of the rolling stock, were statistically
established. However, the authors did not discuss the
case when the contact area between the excessively worn
pad and the wheel decreases, therefore, the braking
efficiency of the train cannot be positively assessed.

The research described in [9] deals with development
of a regression friction model of the pad and wheel
of industrial transport locomotives under conditions
of structural uncertainty; it was the result of a great
number of input parameter variables in the models,
i.e., the friction coefficient was included. It is difficult
to exclude unstable solutions in such a multi-parameter
model, although the author suggested his vision of
the problem. However, the model did not include the
main parameter - the pad wear by thickness - which
restricts the use of all types of brake pads (in terms
of safety) under the conditions of scheduled preventive
maintenance.

Author of article [10] describes the research into the
cause of harmful wedge-shaped wear of pads and the
possibility to eliminate it. Such a wear can result in the
premature replacement of the brake pads with residual
working mass within the scheduled overhaul periods.
In this study, a statistical approach was used to plan
experiments during the trial operation of wagons with
standard and modernized brake leverage gears, included
in one train. However, the task of predicting their service
life was not set.

Another approach is proposed in [11], where, on the
example of excessive wear of brake pads, the authors

considered the problem of uneven wear of the pad/wheel
friction pairs of one wagon; their dynamic processes
were described by a complex model. The work deals with
cases in which the values of random parameter variables
under consideration follow to the normal distribution
law.

Study [12] presents the analyses of some typical
block brakes, which are advisable for the rolling stock of
the Chinese subway. Some of them are advantageously
flexible in operation, fast responding and structurally
compact. In some countries, block brakes are used in
wagon bogies to provide more efficient braking and
extend the service life of pads. However, the use of brake
blocks in wagon bogies significantly increases the weight,
air consumption for braking, time for maintenance and
complexity of repair.

In work [13] the authors analyzed the thermally
stressed state of the pad using SolidWorks and, based
on the results, propose to improve the material of pads,
which will reduce their wear intensity and increase the
service life.

Study [14] highlights the results of various friction
brake devices that increase the braking efficiency. The
authors believe that the mechanisms, which use brake
pads have a negative impact on both the track and the
wheel’s rolling surface due to high temperatures in the
pad/wheel friction zone, therefore, the disc brakes are
preferable.

Thus, disc brakes are in the focus of many specialists;
they calculate the thermally stressed state of the
brake elements, observe their operation, and thoroughly
investigate the temperature modes for some elements
of the rolling stock brake system [15-16]. During the
braking, the thermal energy develops in the contact zone
of the brake pad/wheel tribotechnical pair. This energy
gets dissipated by forced convection, conduction and
radiation from the exposed surfaces of the brake. Some
authors note that the overheating of tribotechnical pairs
can cause failure in the brake gears in operation, which
may threaten the train traffic safety [17-18]. From this

VOLUME 26

COMMUNICATIONS 2/2024



B62

PANCHENKO et al.

Table 1 Numerical characteristics of the wear measured on the composite brake pads X, and X,

Estimated values of characteristics

Pad wear measured

x s? As? Es
Top X, 31.69 238.38 0.002 2.01
Bottom X, 31.86 237.51 0.001 2.01

point of view, considerable theoretical work is being done

to study the temperature characteristics of composite

brake pads used in wagons under different operating

conditions at various speeds [19-20].

The above analysis of literature sources has
demonstrated that the problems of excessive wear of
pads and ways to increase their service life under the
normal operating conditions for brake leverage gears in
wagons are yet to be studied. Therefore, it is advisable to
introduce measures aimed at improving the performance
of brake leverage systems with modernized elements; it
reduce the operating costs and ensure the train traffic
safety, as well.

The purpose of the study is to predict the service life
of brake pads used in freight wagons.

To achieve this purpose, the following tasks have
been assigned:

e to formulate a wear model of the brake pad on the
basis of the statistical values obtained, so that to
predict the remaining working body depending on
the wagon mileage;

* to study the wear distribution function for different
parts of the pad and, based on it, to determine the
wear characteristics for a specified wagon mileage;
and

* to research into the wear characteristics of the
pad, according to the mileage of a wagon with
modernized brake leverage systems, the pads of
which are worn-out.

3 Creating the model to predict the brake pads
wear and the wear distribution

The information collected in the course of the
research on the change in the geometric parameters of
brake pads depending on the wagon mileage is subject
to careful processing. The thickness of the brake pads
was checked during the inspection of freight wagons
in the arrival park of the sorting station. With help of
a measuring tool, the thickness of the pads in the upper
and lower parts, as well as their wear, were determined.
The results of the measurements were recorded in the
developed report for controlling the geometric parameters
of the pads, modernized brake lever gears of the bogies.
In this regard, the methods of mathematical statistics
were used to analyze the brake systems of the freight
wagons. Therefore, creating the favorable conditions
for the further serial introduction of updated brake

lever transmission designs into production at wagon-
building plants, or their modernization at wagon repair
enterprises of the joint-stock company “Ukrzaliznytsia”.

The statistical estimation method was used to predict
the wear of pads of the 2TR-11 type used in wagons with
modernized gears. The chemical composition of the
2TR-11 type composite pad contains: 20% of rubber,
47.5% of baride, 15 % of carbon black, 2.5 % of vulcanizing
composition, 15% of other substances. The wear values
on the top and bottom of the pad in operation at the
wagon mileages from 0 to 197,800km were found; the
number of tests that formed the sample size was n
=106. The optimal number of intervals is adopted from
the studies highlighted in the work [21]. With a sample
size of n =106, the number [ = 5 is taken. This meets
the requirements for modern statistical research [22].
Such an approach should be considered, if the results of
using the Sturges formula are taken into account. In this
case, it is [ = 1 + 3.3221gn =~ 5. That is, the samples
of working hours per service life should be divided into
5 intervals, if the total number of observations exceeds
100 units.

In order To determine the wear on the top X, and
bottom X, of the brake pad, the numerical characteristics
were found; they included average value x , corrected
variance s?, squared asymmetry coefficient As?, and
excess coefficient Es - for the random variables X, and
X,. The results are shown in Table 1.

A model of wear of the geometric dimensions of
brake pads and estimation of their parameters, based
on the results of operation of modernized devices for
parallel retraction of brake shoes, has been formulated.
The model of wear of the geometric dimensions of wagon
brake pads was applied as a statistical function. In this
case, the density function f{x), for random wear values of
x pads, was determined as follows [6, 23-25]:

0, x & (b,c),
_|1+k x—a\e
S =51 = (5=2) ) x < lbal (1)
o 1
LAy — (222} ce(ae)

where a is the modal value;
b, ¢ are the lower and upper pad wear limits, respectively;
k is the parameter of the pad wear shape.

Equation (1) is determined with 2 > 0 and
k <-1 ,where b <a<candb 2 0. For Equation (1), the
distribution function has the form [23-24]:
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0, x<b
x—b+ k(x —a)Xx
{1(2_Z>’1€ ]/b<x<a
_ —b),
Flx) = (fcfb)va(xfa)x @)
[[1@.:3%] ]/
(c —b),
1, x> c

Here, the lower wear limit is b = 0, and the upper
wear limit is ¢ = 65 mm. With these parameters, the
mathematical expectation is as follows:

(55 + 55k + 165kq + 55¢)
2(2k + 1)(1 + ¢q)

M(X) = (3)

where ¢ is dimensionless parameter.

The value of parameter g is determined if ¢ of the
expression is determined g = 65¢q /(1+9).

The dispersion is determined using the formula [20,
22]:

, 2k%q + TR + TR q¢* +
(c— by (k+ 1)<+(4k 1)+ 1) )
12(2k + 1Y (1 + qF(3k + 1)

D(X) = .(4)

For this model, the squared asymmetry is a function
of the two variables, and has the following form [6, 21]:
B = ui/ud, where . is the central moment of the
k-th order,

Bt = 108(4k%q> — 4k* + 4k*¢° — 4k*q* — 4k’ q +
+3kq® + Thq* — 3k —Thg — 1 — g + ¢* + ¢*) X
X kY (3k +1)/((k+ 1)(2k*q + TR* + Tk*q* +
+ 4k + 8kq + 4kg* + 1+ 2¢ + ¢*)' (4k + 1)),

(5)

The excess is determined by the expression
B2 = pa/ s [24- 25]; it is equal to:

B> = 9(3k + 1)(1 + 90kg* + 60kq + 1184k°q* +
+ 368k%q + 1011%° + 572k° + 813k*4¢° + 366k" +
+6¢° + 102k> + ¢* + 532k*¢> + 1184k%q +

+ 1636k ¢ + 1932k" q + 1932k" ¢* + 2958k" ¢* +
+102k%¢* + 1684K° ¢* + 60kq® + 368k>¢* +
+1684K°¢* + 2546k°¢* + 872k°¢> + 4q + 15k +
+15kq*)/(5(2k%q + TR* + TR*q*> + 4k + 8kq +
+4kg® + 1+ 2 + ¢*) (4k + 1)(5k + 1)(k + 1)).

(6)

To estimate the dimensionless parameters & and g,
the method of moments was used [24-25]; it included the
equating of the theoretical characteristics in Equations
(5), (6) and empirical numerical characteristics (Table
1), the coefficient of squared asymmetry and a kurtosis

coefficient.

The solution of this system of equations produced
the following parameter values of Equation (1): a) for
the top £ = 0.32, ¢ = 0.78, a = 28.33; b) for the bottom
k=0.32,9=0.82,a =292

The parameter values obtained were used to
construct the density distribution graphs for the random
pad wear values (Figures 2 and 3) and the pad wear
distribution function (Figures 4 and 5).

Consider the sensitive characteristics of the
distribution law of a random variable and their
operational estimates of the pad wear. Since the
correlation is not the adequacy of a probable model,
consider the functional characteristics of random
variables that are sensitive to distribution models.
Their form was established according to experimental
data and is one of the essential grounds for proximity,
which is close to adequacy of the formulated model. One
of these characteristics in the reliability theory is the
failure rate, hereinafter called the A-characteristics. The
theoretical A-characteristics is widely used in practice; it
is determined using the formula

Sx)

Mx) = 1= ) (7
The formula looks like:
TP e pm—C) , ®)
n— > n(xm) () — x6-1)
ic1

where n(x;) - the frequency of the pad thickness x
occurrence in the interval (x, x,_,).

Based on the measurements of the wear rate for
106 composite brake pads of wagons with modernized
devices, the empirical and theoretical i-characteristics
with obtained distribution parameters in Equation (1),
was constructed (Figure 6). The points of empirical
J-characteristics practically coincide with the points
of theoretical A-characteristics, which indicates the
possibility of using Equation (1) for a random size value
of the top and bottom wear of composite brake pads of
wagons.

Figure 6 shows the A-characteristics and the
empirical estimates of wear on the top and bottom of the
brake pads of wagons [6].

Figure 6, a and b, demonstrates that this
characteristics has a virtually linear increasing
dependency in the range from 0 to 45mm. Since the
empirical estimates of the A-characteristics are quite
close to the theoretical curve of the A-characteristics, the
pad wear model in Equation (1) can be used for research
in this area.

The estimate of the u-characteristics of the average
residual service life [6, 23-24, 26] has significantly
lower random fluctuations than the estimate of the
u-characteristics calculated using the same parameters.
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Figure 2 The theoretical curve of the wear distribution density on top (a) and bottom (b) of the pad with parameter
estimates obtained by the method of moments
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Figure 3 The empirical curve of wear distribution density on top (a) and bottom (b) of the pad in operation
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Figure 4 The theoretical curve of the wear distribution function on top (a) and bottom (b) of the pad with parameter
estimates obtained by the method of moments
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Figure 5 The empirical curve of the wear distribution function on top (a) and bottom (b) of the pad in operation
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Figure 6 The graphs of the A- characteristics of the wear on top (a) and bottom (b) of the composite brake pad and its
empirical estimates

This can be explained by the better statistical quality of
the sum estimates compared to the proportion estimates.
Moreover, the estimate of the u-characteristics is
sufficiently sensitive to the right-side distribution, which
is required for studying the models bounded from the
right. It is this characteristics, which will be considered
later. Suppose that n tests are conducted, then, at
specified values of x, # + P(X > «x), thus, taking it into
account, # + P(X = x + 7). The ratio of these values
gives the conditional probability of a value greater than
1, if all these x values have already been present. At the
same time, the ordered values are considered:

u(x) = fwdf =

F(x)
fa

x

(10)

_ 1
- 1_7]7(96) - F(z))dz

To find the empirical estimate f(x), it is sufficient
to arrange all the values observed in an ascending
order, that is, to compile ordinal statistics x(1),...,X(u) .
Then, the values are calculated by the expression

’L’ﬁ)j "(x) =7 ; — x; for those T; that are not less than
Xi.
If the number of such values is /, then (with a small

P X>=x+71)
P(X=71/x)= ThAX=x) (9) offset)
/
The integration of Equation (9) gives u(x): Ulx) = T(x;) = %Z D(xi). (11)
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Figure 7 The graphs of the u-characteristics of the service life on top (a) and bottom (b) of the composite brake pad
and its empirical estimates

The estimate #(x) can be found using the empirical

estimates of the distribution function F(x), where
l
F(x) = 5 f, and
i=1
i P s s
#(x) Z( M>Am’ (12)

7:1

where x;j+1—x; = Ax;.

By using Equation (10), the u-characteristics for the
pad service life on the top and bottom can be found using
the calculated parameter values of Equation (1) (Figure
7, a and b) and its empirical estimates.

Figure 7 indicates that for the wear values of
the wagon brake pad the empirical and theoretical
u-characteristics practically coincide and change
similarly, which indicates the proximity of this model to
the true model.

The service life characteristics at the test points were
found using the mileage of the wagon with modernized
brake leverage gears. The study has shown that the
relationship between the wear and mileage is close to
linear. For the first approximation, take this dependence
as y = 5(x), since for x = 0, y should be equal to zero.
Using the least squares method, the slope factor 7 was
found. For the upper wear it was ;, = 5.11, and for lower
wear it was 7, = 5.28. By using the dependence and wear
distribution in Equation (1), the distribution density of
the random mileage y was determined as:

0, 1 v & (nb,ne),
| 14k |, (¥n—a)
S = e —pnl! ( = ) » v € [nb,nal, (13)
1
1+k y/n—a\r
(Cfb)n 1_< c—a > u ye(ﬂa)nc])

For this model, the distribution function has the
form:
—n(b+ ka) + (1 +k

1+k

)+
-I—nk(a—b( S| )k

n(c—b
—n(b+ka)+ y(1+Fk)+

(e T
+nk(c a)( (e = ))
n(c—b)

, v € [nb,na),
(14)

, ¥ € [na,ncl,

the next step is to find the empirical and theoretical
estimates of the wear intensity and the average residual
service life of brake pads taking into account the wagon
mileage.

Figure 8, a and b shows the graphs of empirical
and theoretical estimates of the wear intensity of brake
pads with modernized brake leverage gears, taking into
account the wagon mileage. Figure 9, a and b shows the
graphs of the empirical and theoretical estimates of the
average service life of the brake pad, taking into account
the wagon mileage.

By analysing Figures 8 and 9, it can be concluded
that the pad wear model, proposed in Equation (1) and
obtained Equation (13), can be used to the solve major
problems associated with wear of any wagon brake pad
used for the rolling stock.

The designed wear model of the wagon pad and the
results obtained make it possible to solve the necessary
practical problems. The use of service life characteristics
can help to predict the main efficiency characteristics of
wagons.

The calculations have showed that the threshold
of wagon mileage before the composite brake pad gets
worn-out on the top is 331,880 km, and on the bottom is
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Figure 9 The graphs of empirical and theoretical estimates of the average residual service life of the pad on top (a) and
bottom (b), taking into account the wagon mileage

343,040km.

The values of the wear intensity of the composite
brake pad of the wagon with a mileage of 250,000 km
will account for 1 = 0.02 on the top and 2 = 0.017 on the
bottom.

Given the distribution function F(x) = P(X < x)
and estimates of its parameters, it is possible to
determine such a characteristics as the probability of the
pad wear at point xo — F(x0), and the probability that
the pad does not wear at this point Q(xy) = 1 — F(xo).
Therefore, the probability of wear on the top of the
brake pads will be F(20) = 0.27; F(30) = 0.47 and
F(40) = 0.67, and on the bottom of the pads is F(20) = 0.26;

F(30) = 0.47 and F(40) = 0.67.

Another essential characteristic is the y-percentage
service life, which is determined by the expression
F(xy) = y/100%. For example, for the upper part
of the composite brake pad, if ¥ = 95%, the wear is
xy = 56.79, and if ¥y = 90%, the wear is x, = 52.93.
For the bottom part of the brake pad, if y = 95%, then
xy = 56.85, and if ¥ = 90%, then x, = 53.02.

An approximating dependence between the wear
and mileage of the wagon with modernized brake
leverage gears has been determined, the dependencies
found take into account that the pads are worn-out.

It is determined that the average residual service
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life of the wagon composite brake pad with a thickness
of 40mm on the top is 9.51mm, and on the bottom is
9.53mm. It should be noted that if the wagon mileage is
200,000km, the average residual service life using the
slope factor on the top of the composite brake pad will be
M = 50.39 mm, and on the bottom - ¢’ = 53.13 mm.

4 Conclusions

A model of the brake pad wear to predict the
remaining service life depending on the wagon mileage
was designed using the statistical values obtained. This
will make it possible to accurately assess such important
qualitative characteristics as the service life threshold,
which can be used to predict the performance of brake
pads and assess the efficiency of brake leverage gears of
wagon bogies.

The wear distribution function for the pad parts
has been investigated; it can be used to determine the
qualitative wear characteristics (probability of pad wear-
out at a specified wear; -percentage service life of the
pad; wear intensity and average residual service life)
for a specified wagon mileage. This will help to solve
the practical problems for different parts of the brake
pad given a known wagon mileage. The service life
characteristics will help to predict the major efficiency
characteristics of the wagon. The calculations have
demonstrated that the wear intensity of the wagon
composite brake pad at a wagon mileage of 250,000 km,
on the top is 1 = 0.02 and on the bottom is 1 = 0.017.

An approximating dependence of the wear and
mileage for the wagon with modernized brake leverage
gears has been determined. It is found that the average
residual resource of the wagon composite brake pad with
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This article presents a technology that is not widely known. Previous
research has investigated the effect of metal injection molding parameters on
product shrinkage. The technology is mostly limited by the variations caused
by deformation, so it is of paramount importance to focus on shrinkage.
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1 Introduction

Metal Injection Molding (MIM) is a very rapidly
developing technology, which can be best compared
to a combination of powder metallurgy and plastic
injection molding. In recent years, it has spread to
a growing number of fields, with applications in a wide
variety of areas outside the defense, healthcare and
automotive industries. Based on the idea of plastic
injection molding, metal powder particles are embedded
in a binder and the resulting pellets are pressed into
a durable mold by an injection molding machine [1-6].
The resulting granules are commonly called feedstock.

The product that falls out of the mold is the so-called
green product. The product in this state is a semi-
finished preform, with further steps to achieve metallic
properties. So, the next step is to reduce the resulting
product in a binder and form an open pore structure,
which is true for the entire cross section of the product.
In the raw material mixture, it is expected that the
individual powder particles, which must be surrounded

by a very thin film of binder, are in close contact with
each other. There are several types of binder removal,
depending on the type of binder system. These can be
solvent-based, catalytic, water-based or supercritical
binder systems. The bottom line is that the binder must
work in such a way that the product is porous, but still
has enough binder to hold the particles together.

The binder-reduced product is called the brown
product. The product is the most fragile in this state, so
it is not recommended to move the product at this stage.
In the sintering phase, the product is heated in a high
temperature furnace at temperatures below the melting
point [7-10]. The process is shown in Figure 1.

Most researchers investigated the influence of the
metal powder properties on technology, the rheological
properties of the binder and the effect of technology on
shrinkage [11-14].

Some researchers analyzed the geometrical effect of
the finished workpiece and the limiting value of solvent
binder removal [15-17]. These studies contributed
greatly to a better understanding of this less known
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technology and to a better exploitation of its potential,
but beyond that, little attention is paid to preliminary
parameterization or modelling.

In the MIM, it is difficult to gain sufficient knowledge
for optimal process development from experiments
alone. Therefore, we investigate the applicable
software to the process in addition to experimental
research at Neumann Janos University, Department of
Innovative Vehicles and Materials. A range of necessary
equipment, including a computer-controlled injection
molding machine, a decomposition furnace and a high-
temperature sintering furnace, are organised in an
easily adaptable way with data acquisition systems for
different physical quantities.

Through their experiments, Barriere et al. have
developed a combined application of modelling and
numerical simulations to MIM to ensure that parts
are free from defects and have the required mechanical
properties. Modelling of the injection stage, based on
the two-phase flow composition of the powder-binder
mixture, has enabled an access to the powder deposition
during the injection and an understanding of injection
defects [18].

Results from authors® previous research showed
that the shrinkage properties of parts manufactured
with MIM do not behave like plastics, so the simulations
were operformed to investigate its applicability for the

characterization of deformations [19-20].

We have started to produce a green product using
additive manufacturing linked to the technology
presented earlier and are already working on chip
testing of sintered test pieces based on previous studies.
[21-22].

2 Material

The selected material is martensitic stainless steel,
commercially known as 17-4PH, and its main components
are listed in Table 1 [23]. This material is commonly
used in both MIM and additive manufacturing processes,
which is why it is advantageous to use it [24]. Opposed
to moststainless steel grades, this exhibits excellent
mechanical properties, making it widely utilized in
various industrial applications. It is frequently applied
in aerospace and space technology, as well as in the oil
and gas industry. It is used for the production of screws,
springs, nails, gears, and it finds applications in the
medical field for manufacturing surgical instruments,
as well. The binder used in the process consists of two
main components: polypropylene and wax, which are
mixed with the metal powder at a ratio of 6 % by weight
[25]. The connection between the binder and the metal
powder is shown in Figure 2.

Metall powder

Finished part

*®
e @ED |
Sed

Polymer binder

i

Granulation

. Feedstock

Metal Injection Molding
MIM

—— Injection
Brown part molding
Green part
Debinding
Figure 1 The metal injection molding process
Table 1 17-4PH stainless steel chemical composition [24]

% Cr Mn Si Ni Cu
Min 15.0 - - 3.50 3.00
Max 17.5 1.00 1.00 5.00 5.00
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Figure 2 the SEM image of the 17-4PH powder embedded in binder

Measured distance

130

Figure 3 Test specimen measures

3 Methodology of injection molding
experiments

Molding shrinkage values were determined by
measuring the spacing of holes in a test specimen of
a dog-bone geometry, Figure 3. It is important to note
that the product was tested in “green” condition. In an
intermediate step, the row of locking bars in the holes
was removed using a reamer. Measurements were taken
using an optical measuring device to ensure accuracy.

3.1 Tool used for testing

For conducting the experiments, we employed
a specialized molding tool, that was designed for
production of a test specimen, weighing around 36
grams. This mold is versatile and can accommodate

various types of tests. It is equipped with cooling
channels on both sides and includes a central heated
nozzle that feeds the mold cavity through a short cold
runner.

Figure 4 provides an illustration of the mold utilized
in the experiment.

AFT Hungary Ltd generously supplied us with the
tool and the opportunity to perform testing with it.

3.2 Molding parameters

The melting temperature was set to correspond to
the average processing temperature of the polyethylene
(PE) component in the binder, and the holding pressure
was set at the midpoint between the two extreme
processing limits. The highlighted parameters can
be viewed in Table 2. The ideal mold temperature
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Figure 4 The tool used for the test

Table 2 The defined processing parameters

Parameter Value
Injection volume 6.56 cm?/s
Injection pressure 903 bar
Postpress time 2s
Post pressure 827 bar
Cooling time 15s
Tool temperature 45°
Melt temperature 205 °C
Table 3 The changed parameters and corresponding values
Variable Back Tool Melt
press., bar temp., °C temp., °C
Deviation - 550 25 195
Deviation - 690 35 200
Average value 827 45 205
Deviation + 965 55 210
Deviation + 1103 65 215
Deviation + 1241 75 220

was determined based on practical observations and
experiments. The main objective in designing the
experiments was to vary the critical parameters - melt
temperature, mold temperature and holding pressure -
independently of each other. The variables are shown
in Table 3. Consequently, this resulted in production

of 16 different process settings. To ensure process
stability and thermal equilibrium, the first 5 cases were
eliminated. Subsequently, 10 test pieces were produced
for each configuration. Out of those, 5 were left as green
parts, while the remaining 5 were binder removed and
sintered.
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Table 4 The varied parameters and corresponding values

Parameters type

Set value

Molding Material
Process controller
Injection molding machine
Mold material

Solver parameters

Catamold 17-4PH : BASF
Process controller defaults
Default injection molding machine
Tool Steel S-1

Thermoplastic injection molding solver

Figure 5 The simulation model built with a volumetric mesh

Deflection, all effects: Deflection
Scale Factor = 1.000

[mm]

I0.2878

Location 1: 0.2077[mm]

0.2185 \

0.1492
0.0798

0.0105

Location 2: 0.2125[mm]

Figure 6 The simulation model obtained after deformation with the two measurement points

4 Simulation method

A simulation was performed to evaluate the
correlation between the actual measured values and the
simulation on the test specimen.

For the simulation, we used Autodesk Moldflow
software, a tool specifically designed for simulation
of the polymer injection molding, as shown in the
set parameters. The simulation included filling and
packaging processes. Table 4 shows the set values of the
simulation.

The test material consisted of 94% metal powder
(17-4PH) and 6% binder (PP and wax) granules. In
contrast, the raw material selected for the simulation
contains 17-4PH metallic powder, but has a catalytic
binder removal system (Catamold) manufactured by
BASF.

4.1 Definition of shrinkage values in the
simulation software

The primary objective of the study was to assess the
measurability of linear shrinkage of the product under
simulation conditions.

The simulation model was created using a 3D volume
mesh consisting of 0.8 mm edge length tetrahedrons, as
shown in Figure 5. It consists of 10 layers in thickness.

Figure 5illustrates the simulation model constructed
with the spatial mesh. The product was made with the
same gate and inlet as the injection molded part. The
basic injection molding parameters, including filling
time (injection time), holding pressure and cooling time,
remained consistent for both the simulation and real
tests.

To determine the linear shrinkage, measurements
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Figure 7 Real and simulated mold temperature curve
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were taken on the axial spacing of the holes as shown
in Figure 6. The distance (displacement) between the
two marked points was evaluated on the simulated
image. Based on this distance measurement, the
software calculates the shrinkage value based on the
product’s deformation with shrinkage compensation
turned off.

5 Results

The hole distances of samples from the real injection
molding tests were measured and the shrinkage value
as a function of the parameter was shown in a diagram.
The shrinkage value was determined using the following
formula.

Shrinkage = (% - 1)- 100 (1)
In the simulation, the measurements were carried
out according to the same principle and plotted in
a diagram.
The main factor affecting the size of the product is
the temperature of the mold, as illustrated in Figure 7.

Shrinkage ranged from 0.34% to 0.72%, a significant
variation, which translates into a dimensional deviation
of approximately 0.4 mm over a 100 mm test length.

The solid-line curves always represent the real
test results, while the broken-line curves represent the
simulation results.

5.1 Modifying the working temperature
of the tool

The curve shows an upward trend similar to plastic
injection molding, but only up to 55 °C. Beyond this
temperature the shrinkage value starts to decrease.
During the experiments, it was observed that at
higher mold temperatures the products exhibit a “wet”
appearance, probably due to the wax extraction from the
binder, as shown in Figure 7. Consequently, the metal
particles can replace the precipitated wax, resulting
in a reduction of the shrinkage factor. It is assumed
that this can be quantified based on the percentage
composition of the component. For the simulation results
it was observed that the shrinkage values show an
increase when the temperature is increased, similarly to
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the real injection molding tests. It is observed that the
nature of the curves is similar and peaks at 65 °C mold
temperature.

5.2 Modifying the holding-pressure
of the injection molding

The relationship between the shrinkage and the
change in holding pressure is different as for polymers.
The results show that shrinkage reaches a maximum
around 900 bar, as shown in Figure 8, leading to reduced
shrinkage at higher or lower pressure levels. It is
essential to stress that the effect of the applied pressure
on shrinkage is much less important than that of the
mold temperature. The holding-pressure curve shows
a similar character to the injection molding of plastic
polymers, but differs significantly from the results
obtained in real experiments, both in characteristic and
in magnitude.

5.3 Variation of the melt temperature

Deviations from standard plastic processing
parameters can be attributed to a variety of factors, but
a comprehensive study is needed to fully understand
them.

Of all the parameters studied, the variation of
the melt temperature had the least effect on product
dimensions and the curve showed a significant variation
of deviations, as shown Figure 9. The curve generated
from the change of the melt temperature shows a similar
character to the injection molding of plastic polymers,
but differs significantly from the results obtained in real
experiments in nature, as well as in magnitude.

5.4 Combined shrinkage factor graph

We combined the results in a common graph to
better understand the effect of the different parameter

COMMUNICATIONS 2/2024

VOLUME 26



COMPARISON OF THE MOLDING PARAMETERS EFFECTS ON METAL INJECTION MOLDED SPECIMENS...

BI7

variations on the shrinkage of the product, Figure 10.,
Different parameters are plotted on the horizontal axis
with a common characteristics, as low, medium and
high values. Those values represent the limits of the
processing window. A solid line indicates the real results
and the broken line indicates the simulation results.

6 Summary and conclusions

The experiments were carried out with the aim of
facilitating the simultaneous application of modelling
and numerical simulations and the comparison of the
actual measured results within the MIM process. To
minimize the deformation of the MIM parts, it is
important to know the effects of injection molding
parameters.

Summary of research results:

e Simulation results at lower temperatures are closer
to real measurements, however,

* with increasing temperature, there was a significant
discrepancy between the simulation and real tests.

e The variation of the holding-pressure parameter
shows a different characteristics.

®  The difference in the magnitude of the discrepancies
may be caused by the binder system not being
exactly the same, but the out-of-character behavior
may be caused by the simulation model itself. The
assumption is supported by the correspondence
of the characteristics of the curves obtained from
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The indicators of dynamic qualities that ensure the traffic safety, as well as
the permissible impact on the railway track, with the obligatory fulfillment
of which the railway rolling stock can be used in the transportation process,
are presented in this article. The purpose of this work was to carry out the
complex dynamic (running), and the impact on the railway track, tests of the
rolling stock, during which simultaneous registration of dynamic processes
on the railway rolling stock, and in the elements of the superstructure of the
track, is carried out, as well as in elements of turnouts. Dynamic tests were
carried out on the track switches from the minimum speed to the maximum
possible speed of 50 km/h by the TE33A diesel locomotive during the freight
traffic. Meeting the requirement of reproducibility of test conditions and
having a typical design of the track structure on wooden or reinforced
concrete sleepers.
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1 Introduction ES44ACi) - a freight locomotive with asynchronous

traction motors and electric drive, developed by General

To ensure the growing volumes of traffic with
traction resources, urgent measures are needed to
modernize the existing and purchase new rolling stock.
In addition, at present, changes have been made to
the track maintenance standards, the requirements
for certification of locomotives, which require the
determination of permissible levels of dynamic qualities
that evaluate the vibration-protective properties of
the mechanical part of locomotives, the strength and
reliability of the railway track, while ensuring the
unconditional traffic safety indicators [1].

In the Republic of Kazakhstan, locomotives of the
TE33A series were put into operation (Figure 1). When
creating a new rolling stock of railways, the greatest
importance is attached to the study of its dynamic and
running properties, as well as the assessment of traffic
safety conditions.

Test object - Diesel locomotive TE33A (Evolution

Electric (USA) and manufactured by the “Locomotive
Kurastyru Zauyty” locomotive plant in Astana
in 2010 [2].

The connection of the bogie frame with the wheel
pairs is carried out through the jaw boxes. The locomotive
uses wheel-to-wheel braking using one brake cylinder
per wheel with shoe brakes [3-4].

The tests were carried out to establish the compliance
of the locomotive performance with the safety standards
NB ZhT TsT 02-98. The list of indicators determined
during the tests and their allowable values are given in
Table 1.

2 Methods

To measure the dynamic performance, the diesel
locomotive was equipped with displacement sensors to

© 2023 UNIVERSITY OF ZILINA
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Figure 1 General view of the TE33A diesel locomotive

Table 1 Defined indicators

o The value of Method for
The name of the indicator, Item number NB the indicator .
o determining the
characteristics ZhT TsT 02-98 to regulatory T
indicator
documents

1 2 3 4
Deviation of the actual value of the mass of the diesel 71 9 tests
locomotive from the designed one, %, no more than )
Deviation of the actual value of the load from each wheel
pair on the rails from the value specified in the terms of - 3 tests
reference, %, no more than
The difference in loads on the wheels of the wheel pair, %,

7.2 4 tests
no more than
Difference of loads along the axes of one bogie, %, no more 73 3 tests
than
Difference of loads on the sides of the locomotive, %, no

7.4 3 tests
more than
Frame forces in straight, curved track sections and 2.1, experimental-

91.1 .
turnouts, kN, no more than 8.4 computational
Coefficient of vertical dynamics of the first stage of 2.2, 0.4 tests
suspension, no more than 8.5 0.25
Stresses in the outer and inner edges of the rail sole, MPa, 9.3 940 tests
no more than
Stre.sses in the outer edge of the blades in standardized 9.4 975 tests
sections, MPa, no more than
The ratio of the maximum horizontal load to the average 95 14 tests
vertical load of the rail on the sleeper, no more than ’ ’
Stability factor against derailment, not less than 8.2 14 tests
Margin for relative movements of crew members 9 Lack of touch Visual control
AtV =100
Braking distance, m 14 km/h, no more tests
than 800

record the movements of the bogie frame relative to the
wheel set in the vertical direction and the movements of
the body relative to the bogie in the vertical direction.
The signals from the sensors were transmitted via
cables to the input of the measuring and computing
complex “MIC-036” and recorded on the hard disk of a
portable computer. Before the testing, all the measuring
circuits were calibrated [5-6].

The dynamic performance of the diesel locomotive
and the level of its impact on the superstructure of the
track and turnouts were measured on the operating
main tracks of the Kazakhstan Temir Zholy company.
Prior to the start of testing, the locomotive was operated
in TCEU-28. In Almaty, by the beginning of the tests,
the mileage of the diesel locomotive was 11107 km
(Figure 2) [4].
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Figure 2 Kinematic diagram of the TE33A diesel locomotive model

On the calculated kinematic scheme, the following
designations are accepted [4]:
M, iy M, - mass of the body and track, respectively;
M, - sprung mass of bogies;
M - masses of wheelsets;
J poay Jrboa, - Moments of inertia of the body relative to
the y and x axes, respectively;
J,, J,, - moments of inertia of bogie frames relative to
the y and x axes, respectively;
J > J e - moments of inertia of the wheel pairs of the
first and second bogies relative to the x axis, respectively;
f, - is the damping factor in the box stage of the spring
suspension,;

2, - rigidity of the box stage of the spring suspension;

2, - is the damping coefficient in the central stage of the
spring suspension,;

2, - rigidity of the central stage of the spring suspension;
B, - attenuation coefficient in the way;

2, - rigidity of the path;

2a, and 2a, - the base of the body and bogies, respectively;
2b, and 2b, - the distance between the elastic and
dissipative elements of the central and pedestal stages of
the spring suspension across the track axis;

2s - is the distance between the points of contact with the
rails of the wheels of one wheel pair;

n, and #, - equivalent geometrical irregularities
on the right and left rails, taken as a disturbance,
respectively.
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Figure 3 Places of control measurements on the turnout

Table 2 Geometric dimensions of the turnout switch No. 2 Sary-Oba station

Place of measurement

The designation of the Switch R65 1/11 before

measurement location in Figure 3 testing
At the junction of the frame rail a 1526/5
At a distance of 1000 mm from the point of the wit b 1520/6
At the sharp edge c 1522/4
At the root of the wit on the side path d 1517/2
In the middle of the conversion curve e 1524/6
At the end of the conversion curve f 1525/0
In the cross on the lateral path (core section 40 mm) g 1520/4
Table 3 Dimensions of the conversion curve, mm
“Number sleepers* 22 25 28 31 34 37 40 44 47 50 53
Width 1517 1517 1520 1522 1524 1524 1525 1525 1526 1524 1525
Elevation 2 0 0 4 5 4 3 2 2 2 0
3 Results The experimental train consisted of a diesel

Tests of the diesel locomotive on turnouts were
carried out when the diesel locomotive was passing
turnout No. 2 Sary-Oba station from the odd main path
to a side path. The ambient temperature is from 6 to
17 °C, the wind force is not more than 6 m/s.

Turnout switch No. 2 of type R65, grade 1/11, is
installed on wooden beams. Before the testing, using
a manual template, the geometric dimensions of the
turnout were measured according to [7]. Measurement
locations are shown in Figure 3.

Measurement data are shown in Table 2.

In addition, the track width and elevation of the
outer rail in the transfer curve were measured every two
sleepers. The data obtained are shown in Table 3.

During the tests, all the indicated dimensions
during the transition from one speed to another were
controlled by measurements using the TsUP3 template.
In this case, the change in the geometry of the turnout
was within 1 mm, which is comparable with the
measurement error.

locomotive TE33A. The direction was considered to
be a straight line when the locomotive was ahead in
the direction of travel and passed the turnout in the
direction of wool. In this case, the first wheel pair of the
locomotive was the guide [8].

Registration of dynamic processes in all r the aces
began and ended on the straight sections of the track.

The processing of dynamic processes was carried
out as follows. In each race, one maximum value of the
frame forces was determined, taking into account the
quasi-static component. The obtained data were grouped
by directions and velocities.

The maximum probable values were calculated with
a confidence level of 0.994 using the formula [4]:

X =X +25-c &)

where X, ¢ - respectively, the arithmetic mean and
standard deviation of the measured maximum frame
forces at a given speed in the selected direction of travel.
The maximum observed value of the frame forces
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Table 4 Frame forces during the movement of the diesel locomotive TE33A along the turnout R65 brand 1/11, kN

Maximum probable value

Maximum observed value

Speed, Forward run Reverse run Forward run Reverse run
km/h Wheel set number
1 2 3 1 2 3 1 2 3 1 2 3
15 64.2 65.3 48.5 49.7 58.2 50.4 57.2 59.2 42.1 43.3 51.7 43.6
25 80.2 71.0 64.9 63.3 64.8 64.0 75.8 68.9 60.2 61.4 63.3 54.4
40 85.1 83.0 81.8 80.8 71.3 64.6 78.6 74.8 73.4 71.8 69.3 59.7
50 96.4 87.6 86.6 85.3 84.5 67.4 88.7 80.7 78.5 7.7 717.2 54.8
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Figure 4 Frame forces during the movement of the diesel locomotive TE33A-0023 on turnout R65 brand 1/11

was determined as the arithmetic mean of the three
largest values in each group.

The dependence of the frame forces, measured
during the passage of the diesel locomotive on the
turnout R65 brand 1/11, on the speed is shown
in Figure 4.

The allowable value of frame forces for a diesel
locomotive of the TE33A type is 23.23 - 9.8 - 0.4 = 91.1
kN. According to Table 4 and Figure 4, it can be seen
that at a speed of 50 km/h, the level of frame forces
exceeds the permissible value by 5.8 %. Up to a speed of
40 km/h, the maximum probable value of frame forces
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Figure 5 Coefficient of vertical dynamics of the first suspension stage when
the diesel locomotive TE33A moves along the turnout R65 of brand 1/11

during the cross-country passage of the turnout does not
reach the allowable value by 6.6 % does not exceed the
permissible limits up to a speed of 50 km/h.

The coefficient of vertical dynamics of the first
suspension stage was determined as the ratio of the
dynamic vertical displacements of the wheel pair box
relative to the bogie frame in the vertical direction to the
static deflection of the first suspension stage. According
to the data provided by the manufacturer, the static
deflection of the locomotive’s first suspension stage is
131.5 mm.

The vertical displacements of the box relative to the
bogie frame were measured for the first wheel set on the
left and right, and for the third wheel set on the left [9].

Dynamic vertical displacements of the box relative
to the bogie frame were processed without taking into
account the quasi-static component. All measurements

were divided into speeds and directions of movement.
In each race, one maximum amplitude value of the
dynamic process was selected.

Based on the results of data processing at a given
speed, separate arrays were formed for each sensor.
Based on these arrays, the maximum probable and
maximum observed values of the vertical dynamics
coefficient of the first suspension stage were found.
In the calculations, the same methodology was used
as in the calculations of the maximum probable and
maximum observed values of the frame forces.

The results of the data processing to determine the
coefficient of vertical dynamics of the first suspension
stage are shown in Figure 4.

The highest value of the coefficient of vertical
dynamics of the first stage was registered on the guide
wheel sets of the bogie. At the same time, at the speed
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Figure 6 Coefficient of vertical dynamics of the second suspension stage when
the diesel locomotive TE33A moves along the turnout R65 of grade 1/11

Table 5 Coefficient of vertical dynamics of the first suspension stage when moving along a turnout type R65, grade 1/11

Forward run

Reverse run

Speed, Wheel set number
Value
km/h 1 3 1 3
left right left right left right
g o 15 0.11 0.07 0.10 0.14 0.08 0.10
é’ % 25 0.14 0.12 0.09 0.20 0.14 0.12
é —:é; 40 0.26 0.14 0.14 0.26 0.17 0.16
50 0.34 0.20 0.20 0.29 0.20 0.21
. 15 0.10 0.06 0.09 0.12 0.07 0.09
:é' g 25 0.14 0.12 0.09 0.18 0.13 0.12
;gé 2 40 0.24 0.13 0.14 0.23 0.15 0.15
50 0.31 0.17 0.18 0.26 0.18 0.19

Table 6 Coefficient of vertical dynamics of the second suspension stage when moving on a turnout type P65 of grade 1/11

Maximum probable value

Maximum observed value

Speed, Forward run Reverse run Forward run Reverse run

fan/h left right left right left right left right
15 0.21 0.18 0.21 0.13 0.20 0.16 0.19 0.11
25 0.23 0.19 0.24 0.17 0.22 0.18 0.22 0.17
40 0.24 0.25 0.24 0.22 0.23 0.23 0.23 0.20
50 0.31 0.28 0.26 0.24 0.27 0.25 0.24 0.22
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of 50 km/h, on the first wheel pair of the locomotive,
the vertical dynamics coefficient increases significantly
and reaches a value of 0.34, without exceeding the
permissible norms [2, 10].

Similarly, the coefficient of vertical dynamics of
the second stage of suspension is determined, based on
the fact that the static deflection of the second stage
of suspension of the diesel locomotive is 10.3 mm (side
supports). The results obtained are shown in Figure 5.

The coefficient of vertical dynamics of the second
suspension stage during the rough movement at a speed
of 50 km/h exceeds the permissible norms by 24 %, and
up to a speed of 40 km/h it is within the permissible
limits.

Based on the data of Figures 5 and 6, Tables 5 and
6 are compiled, which show the maximum probable and
maximum observed values of the vertical dynamics
coefficient of the first and second stages of the locomotive
suspension when moving along the R65 turnout of grade
1/11 [11].

The obtained results show that the dynamic
performance of the diesel locomotive (frame forces,
coefficients of vertical dynamics of the first and second
stages of suspension) when moving along a turnout
type R65 brand 1/11 up to speeds of 40 km/h are within
acceptable limits. At a speed of 50 km/h, the vertical
dynamics coefficient of the first stage is also within
acceptable limits, and the frame forces and the vertical
dynamics coefficient of the second stage exceed the
permissible norm [12-13].

4 Conclusions

In connection with this research goals, the following
main tasks were solved:
¢ determination of the main dynamic indicators of a
diesel locomotive;
¢ determination of the level of diesel locomotive
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Resume

This study conducts an in-depth exploration into the principal factors
that influence the reliability of specialized rail cars and auto-rail vehicles.
It places a particular emphasis on key performance metrics including
the average operational duration prior to failure, the proba-bility of
faultless operation, the rate of failure, and the gamma-percentage resource.
Addition-ally, the paper examines various methodologies for computing
these metrics and quantitatively evaluating their respective values. It
elucidates how specific units of electromechanical equip-ment, which
operate in conjunction with asynchronous motors and clutches, exhibit
distribution patterns during failure that overlap between exponential and
normal distributions. The study further presents a mathematical formula
to approximate the reliability density of the distribution, a critical factor in
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1 Introduction

The work presented in this paper includes anin-depth
exploration of the underlying reasons and specific nature
of the damage that significantly compromises the
operational effectiveness of the distinctive rolling stock
compositions under the stewardship of the Joint-Stock
Company, “Uzbekistan Railways”. Comprehensive data
analysis unveils that the majority of these adverse events
(50%) are primarily due to mechanical breakdowns,
followed by electrical dysfunction (31.8 %), and issues
concerning the hydraulic machinery (18.2 %) [1].

With these significant challenges at the forefront,
it becomes an imperative requirement to conceptualize
and implement an innovative approach to modernize
the rail service cars during their overhaul stages. This

initiative aims to substantially augment their technical
diagnostics, thereby promoting overall operational
efficiency. This particular research concentrates
primarily on rail service cars, specifically the ADM-1
type, which comprise a significant portion of the fleet,
with 145 units in operation under the umbrella of the
“Uzbekistan Railways” Joint Stock Company [2].

The systematic maintenance of the requisite
reliability standards of rail service cars and railway
inspection vehicles, especially within the context of
a market economy, hinges decisively on the strategic
decisions made concerning their maintenance and
repair (M&R). The reliability of the rail service cars is
largely contingent upon the capability of its individual
mechanical, electrical, and hydraulic components to
sustain their initial technical characteristics during

© 2024 UNIVERSITY OF ZILINA
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operational periods. This feature considerably
impacts the overarching effectiveness of the railway
transportation.

This overarching effect is quantitatively evaluated
using the technical-economic efficiency metric, which
encapsulates the performance spectrum of the rail
service car functionalities. This includes the integral
consideration of financial expenditure, labour
contributions, and material costs. The troubleshooting
process for the rail service car involves identifying
potential failure points, tracking key performance
indicators during operations, and appraising the
technical processes that require the integration of
complex mechanical, electrical, and hydraulic systems.
This calls for a harmonized approach across the
deployment location, aiming at maintaining both
static and dynamic stability, which, in turn, ensures
the seamless functionality of the primary contact
network.

The novelty of this study is in obtaining the
probability of distribution before the failure of the
rail service car main equipment of, by superimposing
exponential and normal Gaussian distribution laws. The
results of this study could make it possible to adjust the
indicators of separate and joint optimal frequency of the
rail service car.

Reliability is the most important qualitative
characteristics of the main equipment of the rail service
car, as well as all the products of engineering facilities.
According to [3], this is the property that the object must
perform the specified functions, keeping in time the
values of the established operational indicators within
the specified limits corresponding to the specified modes
and conditions of use, maintenance, repairs, storage
and transportation. The reliability of the rail service
car and equipment in detail is a complex property,
including reliability, durability, maintainability and
preservation [4].

2 Related works

The research conducted by numerous scientists has
played a crucial role in shaping the contemporary designs
of railway rolling stock. This body of work has largely
addressed the significant challenges of assessing static
and dynamic loads on rail carriages, with substantial
contributions from researchers such as Anyakwol[5],
Bogdevicius.[6], Bureika [7], Chao [8], EulitzKotte [9],
Fan et al. [10], Kuznetsov et al. [11], Popp and Schiehlen
[12], Sharma et al. [13], Sebesan and Baiasu [14]. Their
theoretical insights, regulatory and technical solutions,
as well as methods and algorithms for assessing the
residual life of rail transport rolling stock, continue to
be integral in the railway industry.

Furthermore, dynamic strength and reliability
calculation theories for mechanical systems on
railway transport have been significantly advanced

by Spiryagin. et al. [15], Sosnovsky and Scherbakov
[16], Tretyakov [17-19], Vasilyev [20] and others.
Today, over 25 organizations across Russia, Ukraine,
Belarus, Kazakhstan, Latvia, Lithuania, Georgia, and
Uzbekistan have taken practical strides to extend the
lifespan of different rail vehicles types.

The reliability of specialized rail car is a field
with extensive research. In terms of electromechanical
equipment units, Zhou et al. [21] investigated the
dynamics effect of wheel flats on the railway vehicle
system. They found that the wheel flats exacerbate
wheel-rail impact and locomotive component vibrations.
Moreover, they identified that defects like wheel flats
can be detected by analysing the frequency spectrum of
current signals in a traction motor, providing insights
for efficient monitoring and maintenance, which aligns
with our focus on technical diagnostics.

In the realm of railway vehicle multi-body models,
Bruni et al. [22] reviewed models for railway vehicle
suspension components, discussing the required level of
detail in view of the overall simulation model’s accuracy.
Their work underscores the need for precision in
modelling components, which aligns with our approach
of using a system analysis model for maintenance and
repair. Similarly, Bruni et al. [23] emphasized the
role of control and monitoring technologies in railway
vehicle dynamics. Their findings underlined the need for
comprehensive technical diagnostics in enhancing rail
car reliability.

Evans and Berg [24] explored the challenges in the
simulation of rail vehicle dynamics. They emphasized
the importance of appropriate modelling choices for
different applications and the increasing importance
of validating simulation results, which this study
takes into account. They also emphasized the role of
simulation as an essential part of the design process
for new vehicles and for investigating service problems
with existing vehicles, thus validating our approach to
calculate failure metrics through the system analysis.

Carlbom [25] discussed the combination of
multibody and finite element models for the rail vehicle
dynamics analysis, using the real track data as input.
His work illustrates the importance of integrating
different models to accurately assess vehicle behavior
and validates our method of calculating overhaul life
based on the failure probability indices.

Finally, Auciello et al. [26] proposed an innovative
semi-analytic procedure for wheel-rail contact point
detection, recognizing its substantial impact on the
contact force direction and intensity. Their work
highlights the significance of understanding the complex
interplay between different rail car components, which
resonates with our approach of studying overlapping
failure distribution patterns in specialized rail cars.

Together, these studies demonstrate the rich,
multifaceted understanding of the rail vehicle reliability
and that it is an influencing factor. Building upon their
insights, our research objective was to enhance the rail
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Figure 1 Photos of an ADM type rail service car

car reliability through the strategic assessment and
adjustment of the key operational metrics.

However, the contemporary literature still faces
a gap in addressing the theory of oscillations and
reliability of body frames, spring suspensions, and
chassis of the rail service car. Those studies must also
consider the optimization of dynamic characteristics and
the rational design and modernization methodologies.
The performance of the whole railway transport depends
heavily on the adherence to the electric locomotives’
movement schedule, with technical and economic
indicators significantly influenced by the reliability of
the rail service car mobile composition.

The reliability of rail service car is largely contingent
on its electromechanical equipment, which must
maintain optimal performance of designated functions,
while preserving the operational indicator values within
specified storage limits. Those limits correspond to the
use, maintenance, and repair systems over time. The
initial data to define reliability indicators are often
statistical operation data from the functional units [27].

The object of this research of the rail service car is
a self-propelled two-axle carriage. A load-bearing cabin
is located on the front console. On the rear console
there is a crane manipulator unit capable of mounting

and dismantling contact network supports, loading and
unloading various cargoes on railways. The mounting
platform is located in the middle part of the rail service
car. In addition, in the middle part under the frame of
the rail service car there is a power plant that transmits
power through hydraulic transmission to a three-phase
generator.

The photographs of the object of study, taken by
the authors during the survey of the rail service car
operated by Uzbek Railways JSC, are shown in Figure 1.

3 Methods

We conducted a collection and record procedure
of the primary reliability information based on the
guidelines stipulated in the documents “Procedure
for conducting technical inspection” and “Checking
the technical condition of the rail service car” [28].
Those procedures were carried out using the data from
the “Mechanization Department” of the “Uzbekistan
Railways”. An assumption was made that the initial
statistical information is objective, reliable, and selected
[29] according to the sampling method provisions,
ensuring sufficient volume for estimates with a given
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Figure 2 The 3D model of the ADM type rail service car
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Figure 3 A calculation scheme of the reliability of electrical equipment of the rail service car of the ADM type

confidence level and accuracy. The analysis of statistical
operation data for the rail service car types ADM
from “Uzbekistan railways” JCS indicates that the
technical condition of mechanical, hydraulic, and
electrical equipment of the rail service car is a complex
object, warranting a holistic consideration for assessing
reliability indicators for each equipment type.

A 3D model of the rail service car is shown in
Figure 2.

The reliability of electromechanical equipment
significantly impacts the efficacy of the entire rail
service car system. All the technical blocks of the
electromechanical equipment (EE) consist of

a synchronous three-phase current generator and three
electric motors (EM1, EM2, EM3), each responsible for
different mechanisms: lifting and lowering the load, load
movement, and the crane swing. These are all connected
to the synchronous generator via three clutches.

The power electric circuits of the rail service cars,
type ADM are standardized. The 12 kW synchronous
three-phase alternator is the electrical energy source.
Each actuator is driven through -electromagnetic
clutches by the electric motors M1 for the load lifting
and releasing mechanism (type ASVT-52), M2 for the
load trolley moving mechanism (type 4AC100), M3 for
the crane swing mechanism (type MKTF). These are
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Table 1 Summary table of reliability ratings for mechanical, electrical and hydraulic control equipment of the rail service

car type ADM
d 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
t,hour 61 79 80 81 92 9 101 104 111 123 132 140 142 202 213 217
Table 2 Summary table of assessments of reliability indicators of mechanical, electrical and hydraulic equipment
Types of equipment controls Mechanical Electrical Hydraulic
NV, U T] IV, U T] [N, U, T
Observation plan N 50 50 50
Estimates of the reliability indicators d 12 14 16
Failure rate A, 1m 0.3661-103 0.370-10° 0.444.10°
Lower confidence limit failure rate Ay 1h 0.149-10° 0.1575-10 0.169-10°
Upper confidence limit failure rate A 1h 0.386-10° 0.407-10°3 0.457.10°
Point estimate of mean time to failure A H;h 3266.9 2702.9 2252.2
Lower confidence limit of operating time Ash 2589.3 2451.0 5917.2
Upper confidence limit of operating time A B;h 6711.4 6349.2 2188.2
Probability of failure-free operation over the operating time P) 0.54 0.69 0.41
Lower confidence limit of pI.*obability of failure-free PO 0.74 984.7 0.401
operation L
Upper confidence limit of pl"obability of failure-free Pt) 0.74 984.7 0.713
operation u
Resource at y = 90% T;h 344.2 258.7 237.3
Lower bound of the confidence resource at y = 90% T;h 272.8 258.8 230.5
Upper confidence limit of probability of failure-free Th 7071 668.9 693.4

operation

uw

N - number of items, d - number of failures

termed as electric executive units.

From a reliability perspective, this electric circuit
system operates so that a failure in one unit leads to
a failure of the entire rail service car, but does not
impact the reliability of other executive unit blocks. This
structure is known as a system with serially connected
elements in reliability theory (Figure 3).

Hence, the structural reliability of the object in
question over time t can be expressed as [2]:
P(t) = Pee(t)+ Pesu(t) « P (8)Pes(t), (1)
where:

P_.(t) represents the failure-free operation probability of
the synchronous electric generator, an hour (h).
P, () is electromagnetic clutch of the load lifting and
releasing motor, h.
P, is load moving motor, h.
P_(t) is crane rotation motor within a specified tolerance,
h. [30].
Expressing P(?) in terms of failure rate allows to rewrite
Equation (1) as:

t
- f/'li(x)dx

0

P(t) = exp ) (2)

A total of 145 rail service cars units, with unified

power electrical circuits, were observed over three
years to determine the failure rate of electromechanical
equipment. The observation included types of ADM
rail service cars. The total number of devices observed
was N = 40. After the failure, the devices were not
replaced. Observations were conducted until the run
L = 100 - 10km, within which d = 10 items of
electromechanical equipment failed, with operational
times ¢, = 8.3; 40.4; 40.6; 45.4; 47.7; 53; 69.1; 100.3; 161.9;
168.5 hThe law of probability distribution for failure for
the rail service car is known to be exponential. In the
railway transport, the reliability of the rail service car
is commonly assessed by mileage, i.e., the distance an
object travels while in working condition [31].

For the rail service car, a plan, (N, U, T), is
recommended, where N represents the number of items
under observation, U indicates plans where failed items
were not replaced, and T estimates the duration of
observations or, in general, the established mileage
after which the rail service cars functionality is restored.
A summary of results of the rail service cars basic
equipment scores, based on many years of observations,
is presented in Tables 1 and 2.

Etm.huur = 1198 - Zte.huur =

= 1536 * > tidiowr = 1466 @)
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Table 3 The probability of failure-free operation of rail service cars and operating time hours

Mileage in hours 200 500 1000 2000 2500 3000 4000
PQ) 0.93 0.85 0.72 0.52 0.44 0.37 0.27
=
.°
s
“é 1.0
3 \\
& 0.8 ~J
s —
E 06
~ \
&
04
02
0 D>
0 2000 400 600 800 1000 1200 1400 1600 1800 2000
Mileage [h]

Figure 4 Graph of the probability of failure-free operation of the rail service car with an exponential distribution law

4 Results and discussion

The dignity plan (N, U, T) allows for a shorter
observation period since there is no need to wait
until the failure of all objects is reached. Using this
monitoring plan, it is possible to assess the following
indicators of the main equipment of rail service car: the
average time to failure of the items, the probability of
trouble-free operation at various runs of the rail service
car, the lower and upper failure rates and the percentage
resource of the main equipment of rail service car.

As a result, this plan can be efficiently used in
practice to assess reliability indicators, given the large
number of rail service cars 144 units for “Uzbekistan
railways” JSC.

In the data given in Table 2, the following notation
applies:

* T -isthe mean time to failure,

* P(l) - is the probability of failure-free operation at
1=400 - 10°km,

e )(l) - is the intensity of the failure,

* 7 =90% - denotes the gamma percent resource.

For the selected plan, the average intensity of
refusal was calculated as:

A= d _
Z?:1+(N7 d)' Ty
10 . @
_ 1
= 17392 + (40 — 10)]- 10%m 0010 "%

For the calculated /, the two-sided confidence limits
were defined, with a confidence level f = 0.9.

The lower limit:

ANy*L 8, 2d

d<2N— d+ %xz#ad)
2.60 < 107+ 40 - xi1-00, .y,

AL =

_ , - 5)
10+ (240 = 10 + F0100,.,)

6 1
_ . 6
=0.115- 10 o

The upper limit:

AN LLE oy
d<2N* d+ %){2#2{1)
C260-107°-40 - x118,2d
_ -

10+ (240 = 10 + F 510,24

—6_1
. 6
= 3.599 - 10 o

Au =

= (6)

2 2
Values for X150 5.0 and HoLi08 5,

We note that x’< x,%, therefore, the significance of
the chosen law does not contradict the experimental
data. The calculated values 1, and /, are covered with
a probability of 0.9; the true values of the parameter /.
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Figure 5 Overlay of exponential and normal Gaussian laws of distribution of the rail service
car time to failure At = 1000km (The colours in this picture have no semantic characters)

The point estimate of the mean time to failure is:

1 1

7 - W = 384.61 - 103 km. (7)

I =
The lower and upper confidence limits of the mean
time to failure are:

_ 1
AL 8599 -10°6
1 _ 1 .
Ae  0.115-10°°

|’_‘

Lown = = 0.277 - 10%km;

8)

Lav.B = = 8.695 - IObkm

Probability of the trouble-free operation, for
a mileage [ = 400 x 10°km, is:

P(l)=e¢ M= 2010, 400 - 10° = 0.361. )

The probability of failure-free operation is provided
in Table 3.

It’s worth noting that the probabilities of no-failure
operation for runs of 50 x 10%, 100 x 10°, 200 x 10°, 300 x
10%, and 400 x 10°km are respectively 0.878, 0.771, 0.594,
0.45, and 0.361 (refer to Figure 4).

Based on the Table 3, we built a Figure 4.

The two-sided confidence limits for P(l) are
determined by the calculated values of 7, and 4, as:

P(l) = e—/iu _ 670‘115'1075'400 = 0.9999, (10)

P(1), = e Ml = g #3910 7400 — (99985 (11)

The 90 %-gamma percentage resource (y = 90 %) is
determined as:

_ 1. -1 —
Ly, = )lL( 1n0.9) 37599 - 10—5( In0.9) 12)
= 29.27 - 10°km,

_ 1 _ 1 —
Ly =2, = 0a5 - 100 n09) (13)
= 915.6 - 10°km.

The ADM type of the rail service cars share
a characteristic feature that their failures can be caused
by more than one simultaneously acting causes. For
example, three-phase actuator motors can fail under
the influence of their rotor, causing the phenomenon
of eccentricity, wear of internal and external bearing
rings, wear of electrical insulation of motors under the
influence of heating and overvoltage. Depending on
which of the processes develops more intensively, failure
of one or joint action of other types occurs. Thus, the
total probability of distribution of duration of operation
up to the failure of the electromechanical equipment
having a clutch, and working on different kinds of
loading is a mix, a superposition of several distributions.

The statistical data on duration of operation up to
failure of electromechanical equipment of separate units
of the rail service car, especially asynchronous motors,
working together with a clutch, suggest an overlay of the
exponential law and the normal Gaussian law. Figure 5
presents the distribution of distance travelled by the rail
service car of the ADM type before failure, confirming
the presence of two superposition’s.

This superposition can be described by the formula
for density distribution:
A = Kifi(l) + Kaf2(1), (14)
where K =0.2 and K,=0.8 represent the share of failures
distributed exponentially (Exponental law Curve 1
red color) and normally (Gaussian Curve 2 blue color)
respectively, as depicted in Figure 4. In the same figure,
(Superpositions low Curve 3 grey) represents the total
superimposed laws distribution: f,(1); f,(1) respectively
denote the distribution densities under exponential and
normal conditions.

A = 7 expfi() = (— 75

_ 1 . ox (_ 400 - 10° >: (15)
38461 - 100 *P\ " 3g461-10°)
= 0.918 - 10*3/%
m
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o 1 . 7(1_1111.&2)2]7
R R e
_ 1 _ (400 — 277)2] _
2314015 eXP[ 2. 015 |~ (16)
= 0.021-107 L,

m

where J = 0.15 - tis the relative error of the mean value,
selected according to the recommended values [3]. We
can find the total distribution density by substituting
Equations (15) and (16) into Equation (14), resulting in

—09.10 31"
S =02-10" 4.

5 Conclusions

A comprehensive analysis of statistical data,
concerning the operation of the ADM type Joint-Stock
Company rail service cars, particularly focusing on their
power electromechanical equipment, elucidates that the
operational state of mechanical, hydraulic, and electrical
equipment exhibits complex interdependencies.
These dynamically interconnected entities operate
across various modes, which underscores the need for
a systematic exploration of the quantitative reliability
indicators that bear a significant influence on their
effective utilization.

The observation plan denoted as [N, U, L/
facilitates the ascertainment of essential indicators and
provides an estimate of the following parameters: L_,
denoting the mean time to failure; P(l), representing the
probability of failure-free operating time across different
runs; A(]), indicating the lower and upper boundaries of
failure rates, and the gamma percent resource when y is
equivalent to 9 0%.

By applying the test and basing the analysis on the
numerical values at specific levels of significance, authors
can affirm that the selected law does not contravene the
experimental data. The total probability distribution,
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The use and significance of adhesives in various industries are explored,
highlighting the growth of the adhesive market and the crucial role of time in
adhesive bonding. The composition of adhesives, particularly polyurethane
adhesives (PUR), is detailed, emphasizing their sensitivity to environmental
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1 Introduction

The majority of PUR adhesives are quite insensitive
to moisture penetration [1]. For adhesives that cure
with moisture, saturation with moisture does not lead
to a reduction in values. The PUR adhesives consist of
hard and soft segments. The soft segments are usually
derived from hydroxyl-terminated polyester, polyether,
polybutadiene or polyisobutylene polyols, while the
hard segments (HS) contain isocyanates and diamine
chain-extending moieties [2]. Increasing the HS content
generally increases the elastic modulus and reduces
elongation. Therefore, by varying these two types,
the properties of PUR adhesives can be varied [3].
Polyurethanes are mainly made up of difunctional and
trifunctional OH-terminated molecules that react with
di- or triisocyanates [4]. The length and stiffness of the
chain determine the mechanical properties of the final
polymer. The chain can be made up of polyethers, which

makes them flexible and hydrophilic, polyesters, which
provide greater stiffness, polycarbonates or other OH- or
NH-terminated molecules [5].

The concentration of the trifunctional molecules,
which can be either the OH or isocyanate component,
determines the cross-linking density, a factor
influencing the stiffness pattern [6-7]. A structural
adhesive must have trifunctional groups to guarantee
a covalent three-dimensional network, otherwise it
would have thermoplastic properties. In some places,
curing-induced volume shrinkage plays a prominent
role. If a thick layer of adhesive is not allowed or able to
move during the curing due to spacers or other design
constraints, shrinkage will cause significant stress,
reducing the load-bearing capacity of the bond. The
PURs based on prepolymers show less shrinkage and
thermal expansion during curing. The building blocks
of adhesives also have different reactivity, and catalysts
are needed to adjust these reaction rates. However,
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too fast reactions can cause problems in wetting, as
the liquid adhesive must first fully wet the surface to
achieve adhesion before it solidifies, and if solidification
is faster than wetting, adhesion can be significantly
reduced [8-9].

Moisture curing adhesives cure by the diffusion of
moisture into the adhesive, a process controlled only
by the rate of water diffusion, which also depends on
temperature and humidity, and hydrophilic/hydrophobic
properties. Water must be added to accelerate the
cross-linking reaction of the moisture-curing adhesive.
This is not easy, because even very small amounts
of water are difficult to mix into a water-repellent,
highly viscous material, but it can be done by adding
a specially formulated water paste (booster) [10]. Curing
takes place slowly through the humidity, even without
a booster. Booster systems are used when thick bond
lines are required for materials with no or slow diffusion
of water vapour. A problem in such applications may
be a tendency to bubble formation caused by rapid
curing with large amounts of water [11]. Adhesives are
strongly influenced by the properties of the environment
in which they are used [12-13]. One example is the
PUR type adhesive we use as our primary adhesive,
which crosslinks more quickly as the humidity in the
environment increases. In addition to ambient humidity,
another influencing factor is temperature, although
this is more important for two-component adhesives. In
addition to the two factors mentioned above, boosters
are the third accelerating factor, but these are optional.
Without a booster, the process is slower and may not
be complete, but the reaction does not take place below
water (humidity) or below a minimum temperature.
During our experiments we did not use the help of
boosters.

The aim of our research was to investigate the
speed of different cross-linking processes; to compare
the reaction rates of Sikaflex-252 1-component PUR
structural adhesive crosslinked at room temperature,
crosslinked at room temperature and ~30% humidity,
crosslinked at room temperature and ~100%
humidity.

2 Description of adhesives tested and test
methods

2.1 SIKAFLEX-252

Sikaflex-252 is a structural adhesive. The adhesive
is a one-component polyurethane (PUR) that crosslinks
when exposed to moisture. It is suitable for bonding
under dynamic loads. It can be applied on many faces to
substrates of different materials, such as wood, plastics,
ceramics, aluminium, steel and other metals. It also has
good vibration damping, is electrically non-conductive
and has a high elongation at break. The bonding of
sikaflex-252 adhesive is not among the fastest bonding

adhesives, nor even among the fast ones, as it bonds to
moisture [9].

3 Description of the test procedure
3.1 Fourier transform infrared spectroscopy

The measurement instrument is a JASCO 4600
FT-IR spectrometer, characterized by a measurement
range spanning from 7800 to 350 cm™. With a resolution
capability of up to 0.7 cm™, this instrument is versatile,
accommodating both transmission and reflection
measurements. Additionally, it features a rapid scan
function, allowing for the swift data acquisition at a rate
of up to 7-8 measurements per second.

3.2 Description of the test procedure

In our experimental investigations, our primary
objective was to assess the cross-linking kinetics and
reaction rates of adhesives. This encompassed examining
the variation in cure rates among different formulation
types and assessing the cross-linking rate of specific
single-component adhesives (PUR) undergoing curing
in the presence of moisture across diverse humidity
conditions. To ensure precise measurements, each sample
was positioned on polyethylene foil with spectroscopy
serving as a recorded background. Furthermore, each
sample was affixed to a wooden sample holder, which
remained undisturbed until the completion of the
tests. Samples subjected to 100% humidity for cross-
linking were placed in a desiccator containing water,
as opposed to silica gel typically used for drying and
dehumidification. This modification aimed to establish
the appropriate humidified environment within the
enclosed system. Our measurements demonstrated
a remarkable consistency across all adhesive materials.
The process involved meticulous sample placement,
selection of the background assigned to each sample,
and execution of the measurement program in the FTIR,
generating results from 64 measurements recorded in
transmittance. The post-measurement steps included
identifying the reaction group, applying baseline fitting
if necessary, and converting results to absorbance. The
recorded data were documented within absorbance-
converted measurements. Subsequent to this, results
were calculated using the method described below and
graphically plotted, providing a visual representation of
the obtained data.

4 Results and evaluation
In the presentation of our findings, a comprehensive

analysis of the binding speed for each sample is provided,
along with an examination of the variation in binding
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Figure 2 Results of measurement “A” in FTIR Spectra Analysis

speed among sample pairs. It is important to note
that the sample pairs exclusively pertain to the single-
component polyurethane structural adhesive and the
single-component silicone sealant adhesives. All the
measurements and cross-linking were performed at
the accredited laboratory permissible temperature. The
results never reach 0 or a certain number, so they
were considered cross-linked only when the values
of the reaction groups had not been greatly reduced.
The values do not remain constant even for “fully”
cross-linked adhesives, either because of minimal
inaccuracy of the measuring equipment or because of the
continuous decomposition and re-bonding of the reaction
groups. To minimise the influence on the results of the
measurement, the samples were placed in a separate
holder for each of them. Thus, each adhesive was named
with an assigned letter.

4.1 Sikaflex-252

4.1.1 “A” Sample - Investigation of curing
chemical composition in normal 50 %
humidity condition

The aim of sample A was to find the reaction
group and to know the total cross-linking time. Here
a problem arose, as shown in Figure 1, that during the

first 20 hours, shown in Figure 2, the absorbance of the
material decreased sharply, making the calculation of
the reaction rate inaccurate.

For this reason, the half hourly time interval
measurements were required for the first 4 hours of the
glue. More frequent measurements would have affected
adhesives that crosslinked at 100 % humidity.

In Sikaflex-252, a polyurethane, one-component
adhesive, the reaction group is located around ~2265.
In Figure 3, the green arrow indicates the location of
the reaction group. In Figure 4, the reaction direction
is visible.

Given groups are located at a given wavenumber,
these general locations are shown in Figure 5, they
can only be shifted slightly. Based on Figure 6, the
reaction group is isocyanide. Isocyanide (also known as
isonitrile or carbylamine) is an organic compound with
the functional group N=C. It forms bonds through
nitrogen.

4.1.2 “B” Sample - Curing mechanism in outdoor,
unconditioned environment of PUR
adhesive

The “B” pattern is a nearly 100% cross-linked
adhesive. The sample was measured in FTIR in an
outdoor environment with 30-40 % humidity.
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As can be seen, the absorbance varied steeply
during the first 4 hours (Figure 7). The reaction rate was
the highest here and as time went on, the cross-linking
process slowed down as the number of reactive groups
decreased (Figure 8).

4.1.3 ,,C” sample - Curing mechanism
in 30% humidity in laboratory, controlled
environment of PUR adhesive

In Figure 9 sample C was solidified in a laboratory
environment of ~30 % humidity and 24 + 5 °C. As seen in
sample B, the reaction is the fastest in the first 4 hours

and gradually slows down (Figure 10). The decreasing of
the absorbance in the FTIR results can be seen in higher
resolution in Figure 11.

4.1.4 Comparison of samples B and C
to determine the humidity
difference

In Figure 12 the results show that the glue in the
humid environment reached the cross-linked state one
day earlier, but it is difficult to distinguish the onset of
the cross-linked state, as the initial state is considered
to be similar for both samples.
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4.1.5 ,,D” sample - Curing mechanism

in 80% humidity in laboratory, controlled
environment of PUR adhesive

The results of the higher 80% humidity samples
can be seen in Figures 13 and 14. The results show that
higher humidity increases the starting procedure of
curing or PUR. In Figure 15 a decreasing tendency of
absorbance can be seen in the chemical groups during

the FTIR.

4.1.6 ,E” sample - Curing mechanism

in 60% humidity in laboratory, controlled

environment of PUR adhesive

in details.

The curing of sample E, at 60% humidity, took
14 days (Figure 16). Thus, confirming the claim
that in a humid environment, the reaction rate is
faster. In Figures 17 and 18 the decreasing tendency
of the absorbance of reaction groups can be seen
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4.1.7 Comparison of “D” and “E” sample
to investigate the effect of humidity

In Figure 19. The results show that adhesive in the
higher humidity environment cured much faster. Here,
as in the two measurements above, the first 4-8 hours
have the highest reaction rate. The results obtained
show that the humidity plays an increasingly important
role towards the end of the crosslinking process, with
almost no difference between the two environments

at the beginning and a steadily increasing role as the
crosslinking process progresses.

5 Summary

The first objective of this research was to study
the Sikaflex-252 structural adhesive; reaction group
that induces cross-linking and the speed and difference
of this cross-linking with respect to a counterpart in
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another environment. This study was concerned with
the reaction rate constants of the reaction groups
of the material. The results suggest that the cross-
linking rate of the adhesive varies significantly with the
environment. Humidity plays an increasingly important
role in bond formation over time. The second objective
was to investigate the cross-linking rates of other types
of adhesives and to gain a broader understanding of
them. Upon scrutinizing the results, we have arrived at
the conclusion that the environmental factors are not to
be neglected in the context of bonding. Consequently, the
surrounding environment holds significant importance in
the application of adhesives. In our forthcoming research,
authors aim to further enhance their understanding of
adhesives and explore materials that were not included
in the current experiments. Additionally, authors plan
to conduct the further research employing alternative
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Resume

The paper presents the construction and technological aspects of a device for
pitting fruit, especially cherries, on an industrial scale.

The presented work includes design solutions related to the transport of pits
removed from pitted fruit, as well as a gravity chute, with an indication of
potential operational problems related to the machine design. The authors
proposed the use of a screw conveyor, especially in the case of longer drums,
to optimize the process. Some analyses are also presented, including friction
occurring during the transport of pits. Ultimately, a specific design concept
is presented that integrates the screw conveyor with the pitting drum.
The presented conclusions point to practical technological and engineering
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1 Introduction

Removing the pit (stone') from the fruit is necessary
when preparing preserves, jams or compotes, and in the
production of e.g. candied fruit, for decorating baked
goods, etc. [1-2]. Initially, this activity was performed
manually using simple and generally available tools.
Currently, this activity is performed using specialized
equipment for industrial scale applications. A pitter is a
device used to remove pits from drupes (those with pits)
such as cherries, sweet cherries, Mirabelle plums, plums,
olives and others. Unlike pulpers, the pitter minimally
damages the fruit, leaving it whole. Generally, devices of
this type can be divided into manual, semi-automatic and
automatic. In addition, pitting machines can be devices
for home-use and industrial-use. In the case of home-use
pitters, we distinguish between manual and mechanical
pitters. They generally have a simple structure and are
characterized by low efficiency. Industrial pitters are

1 Pit fruit (stone fruit) - the seed or stone in the middle of various
foods such as: olives, peaches, cherries, apricots, avocados, and
plums. The authors of this paper decided to use the name “pit’,
but it is an equal name “stone”.

automated devices with high efficiency of up to 300 kg/h
- some devices offered on the market have a capacity of
up to 1200 kg/h. Such devices can be generally divided
into drum pitters (the element with slots for fruit is a
drum) and belt pitters (the element with slots for fruit
is a belt or ribbon) [3-5].

The system for transporting pits from pitters should
be designed in such a way as to minimize losses, ensure
the efficiency of the process and maintain high quality
pits (used in further processing, e.g. for planting or as
an intermediate product for pellet production). Adapting
the system to the specific needs and pit type is key to
achieving optimal results.

Currently used solutions for the system of
transporting pits from a fruit pitting device in the form
of a pitter, especially a drum pitter, use a chute (inclined
plane). After pitting the fruit, the pit falls into the chute,
which has a ramp set at an appropriate angle, allowing
the pit to move by gravity and thus evacuate it from the
pitting machine. A diagram of the current solution is
shown in Figure 1.

This solution is very simple and effective. However,
a problem occurs when the drum used has more than

© 2024 UNIVERSITY OF ZILINA
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Figure 1 Scheme of the solution for evacuating a cherry pit using a gravity chute. 1 - pitter drum with fruit slots,
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Figure 2 Chute for a longer drum. The angle of discharge decreases significantly

one row of slots located around its circumference. In this
case, the length of the entire drum increases and, as a
result, the angle of inclination of the chute decreases.
This is schematically shown in Figure 2.

If the internal diameter of the drum is (standard) 60
mm (which allows for the arrangement of eight sockets
around the circumference) and its length, determining
the length of the chute, is 300 mm, the angle of the
chute is reduced below 1.5°. It is assumed that the
minimum effective angle of gravity chute should be 5° to
8° (typically, due to the most reliable evacuation of the
pits, the angle is between 30° to 60°). At an angle of 1.5°
and less, there is a high probability that the pits will not
slide down the chute by gravity and will get stuck on its
surface. This state of affairs is determined by the fact
that the pit itself is covered with juice and fruit remains,
which gives it certain adhesive properties and increases
the possibility of “sticking” to the surface of the chute
with too small an angle of inclination.

One of the ways to improve the efficiency of the
pits’ evacuation from the chute is to increase the angle
of inclination, which requires increasing the internal
diameter of the drum for a given length of the chute. Due
to design reasons, this solution is not always possible,
as it would significantly increase the overall dimensions
of the entire device. The second solution used in such a
case is a water jet, whose task is to rinse the pits. The

disadvantage of this solution is the need to use clean
water, which must be discharged into the sewage system
or subjected to a purification process. Therefore, the
authors of this article propose to use a screw conveyor for
the process of transporting pits, which is driven directly
from the stoner drum.

2 Materials and methods

The material for research and analysis were the
cherry pits, the dimensions and properties of which are
presented in Figure 3 and Table 1. The research was
carried out on 100 cherry pits. The measurements were
calculated according to the following relationships [6-7]:

dy=%a-b-c, (1)
5= 10, (@)
_a-b-c.

V=g 7T, (3)

where: dg is a geometric mean diameter, mm,

a, b, ¢ are main dimensions of the pit, mm (see: Figure
3),

S is a sphericity, %,

v is a volume, kg/m?.
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Figure 3 Schematic presentation of the dimensions of the cherry pit being the subject of the analysis

Table 1 Geometrical properties, mass and friction coefficient of cherry pits (averaged results) [7-10]

Physical properties Value

a 9.00

Dimensions, mm b 12.00
c 10.00

Geometric mean diameter dg, mm 7.00
Sphericity S, % 60.00

Mass m, g 0.45

Friction coefficient f, -
0.70

(for galvanized mild steel surface)

b)

myg mg

my
n
Z my
V=0 g S
Mo>2>1my
| / /

Figure 4 Diagram of the considered possibilities: a) elastic/inelastic collision, b) rolling friction, c) sliding friction

2.1 Analysis of transport efficiency using
a gravity chute

A gravity chute can be treated as a classic inclined
plane. Analyzing the efficiency of pits transport along an
inclined plane is possible after introducing the following
aspects - Figure 4.

a) elastic/inelastic collision of pit with an inclined

plane,

b) transport on an inclined plane using the rolling
friction,

¢) transport on an inclined plane using the sliding
friction.

When reviewing the structure of the stone pitters,
it can be concluded that the standard devices of this
type, i.e. pitters with a short drum, have an inclined
plane installed with an angle of inclination of at least
a=30° i.e., tga = 0.6. This corresponds to the height of
the inclined plane £ to its length / in the ratio 1.0/1.5 and
is the maximum percentage of the radius of the inner

diameter of the drum:

tgo :%

(4)
where: & is the inclined plane height, mm,
[ is the inclined plane length, mm.

Such proportions ensure sufficient geometric
parameters of the device for transporting pits outside the
pitter and placing such a chute inside the pitter drum.
It was also observed that during the transportation of
the pits, in the first phase it bounces off the surface of
the chute at least once, and finally “rolls” out of it. Due
to the irregular shape of the pit and its surface covered
with pulp remnants, it is very difficult to model how
the pits behave during transport. The first problem is
to determine whether the collision of the pit (which has
a certain initial velocity after the pitting V) with the
surface of the chute is an elastic or inelastic collision.
Regardless of the type of collision, in both cases, it
should be considered that it is a collision of a body
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(pit, m,) with a stationary body (inclined plane, m,)
having a very large mass m,>>m, and velocity equal
V, = 0. According to the principle of conservation of
momentum and energy, the velocities of both bodies can
be determined from the following relationship:

mi- Vitme- Vo=mi- Vi +my- Vi, (5)

%ml' V?Jr%Mw Vi:%’”l' V’%Jr%mz’ 2 ©)

where: V, V, are the velocities of the pit and inclined
plane, respectively, before the collision, m/s,
V', V’, are the velocities of the pit and inclined plane,
respectively, after the collision, m/s
m, m,are the masses of the pit and inclined plane,
respectively, kg.

For elastic collisions, when determining m, >> m,
and V, = 0:

Vi=—=W, (7)
Vi=0. (8)

For inelastic collisions, when determining m, >>m,
and V, = 0:

Vi+V:=0 9

In the first case, the velocity of the pit after the
collision will have the same value, but in the opposite
direction. In the second case, the pit’s velocity will
be “suppressed” by the mass of the plane. In fact, the
rebound of the pit is “between” elastic and inelastic
collision. The irregular shape and adhesive properties of
the pulp remaining on the pit complicate the calculations.

Let us now consider the case of the possibility of the
pit rolling with a rotational motion. According to the law
of dynamics for progressive motion:
mi+a=mi+g-sina— T, (10)
where: a is an acceleration, m/s?,

g is an acceleration of gravity, m/s?
T is the rolling friction force without slipping, N.

According to the law of dynamics for rotational
motion:

(11)
(12)

where: I is a moment of inertia (we assume for a sphere),
kgm?,
¢ is an angular acceleration, rad/s?
r is a pit (sphere) radius, m.

After solving the above equations, assuming that the
pit is a sphere and assuming no slip, the translational

motion of the body is uniformly accelerated, then the
linear velocity can be written:
V=vg-h. (13)

Analogously, for the case of a pit sliding off an
inclined plane without slipping (T, is a sliding friction
force), using Equation (11) and making the appropriate
transformations, one obtains:

V=y2-g-h-(1—ctga), (14)
Analyzing Equations (13) and (14) one can see that
for h— 0, V-0 aswell.

2.2 Analysis of transport efficiency using a screw
conveyor

Of course, the above considerations are very
simplified and do not fully reflect the real conditions.
However, based on the above relationships and the
engineering intuition, one can assume that for the small
plane angles, transport of the pits outside the pitter will
not be possible.

Therefore, the authors proposed a solution consisting
in transporting the pits using a screw conveyor. The
movement of the working element of the conveyor
(spiral) can be carried out using a separate drive or
integrated (connected via a clutch) with the main drive
of the pitting machine drum.

To calculate such a conveyor, the relationships
presented in sources [11-15] can be used. We assume
that, for the purposes of the solution, the conveyor
operates at an angle of inclination a = 0. The velocity
of pits’ movement in the trough can be found from the
relationship:

v=2 0

o1 (15)

where: p is a screw pitch, m,
@ = 27tn is an angular speed of the screw, rad/s,
n is a rotational speed, rps.

The volumetric efficiency @ , m%h, and the mass
efficiency of the horizontal conveyor @ , t/h are calculated
from the relationships:
Qv = 450 - (D + 28 —

&l p-aw-A, (16)

Qn=1450-1(D+ 25V —d*|-p-w-A-ps, am)
where: D is an external diameter of the screw, m,
d is an internal diameter of the screw, m,
J is a radial clearance between the screw and the
trough housing, m,
/. is a trough filling factor (see: Table 2),
ps is a bulk density, t/m?.
Traction force on the drive shaft F,, N, is:
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(18)

where: ¢ is a unit load of the conveyor, N/m,

[ is a length of the conveyor, m,

k is a motion resistance coefficient (see: Table 2).
Conveyor driving power, P, W, is:

Qv'l'ps'g

P=—3m0

k. (19)

Based on the above assumptions and calculations, a
solution involving the mechanical transport of pits was
presented. It was decided to use a screw conveyor in the
form of a spiral made of steel wire with a square cross-
section, which is integrated with the pitting machine
drum and rotates simultaneously with it. The operation
diagram is presented in Figure 5. A cross-section of the
proposed solution is shown in Figure 6.

The principle of operation is as follows. The pitting
machine drum 1 is driven directly by the drive shaft 2
(the drum and the shaft are connected with a prismatic
key). The conveyor screw 3 is connected to the drive
shaft 2 via a clutch. The conveyor screw is mounted on
a slide bearing installed in the evacuation channel 4.
The evacuation channel 4 is attached to the frame of the
device - the pitting machine (not shown in the diagram)

in such a way that it is immobilized. The pitting machine
drum 1 and the conveyor screw 3 rotate simultaneously
using a motor connected to the drive shaft 2. With each
revolution of the drum and screw, the pitted pit is moved
towards the outlet until it is completely evacuated.

3 Conclusions

In the fruit processing, an effective method of
evacuating pits from pitted fruit, e.g. cherries, plays a
key role in maintaining high efficiency of the production
process. The issue of transporting pits, especially in
the context of the construction of pitters with drums
of increased length, is quite important due to the
possibility of material blocking in the form of pits from
pitted cherries. For that reason, the screw conveyors
become a promising solution to these problems while
eliminating the need to increase the angle of inclination
of the chute. An innovative approach to the design of
pitters has the potential to significantly improve both
the efficiency and quality of the pit transport.

The proposed new design solution, supported by
the field tests, is crucial for the safe handling of pitted
pits, minimizing the risk of their blocking. The authors
focused on improving the transport technology and

Table 2 Calculation parameters for various types of transported materials [12]

Material A k
Light, free-flowing and non-abrasive materials, e.g. grain, rapeseed, groats, ground coal
& & § gram, Tapeseed, groats, g 0.45 =+ 0.50 125
Medium-weight, non-abrasive, fine-grained materials, e.g. beans, soybeans, gravel, coal
dust 0.38 =+ 0.40 1.45-=1.85
Low-abrasion, fine-grained materials, e.g. coal, walnut, ash, lime, salt
0.30 2.10 +2.60
Medium abrasive materials, e.g.: cement, gypsum, fine limestone, foundry sand, sulfur, 0.95 3.90 = 4.00

sodium acid phosphate

&

NP S

i1,

\
-

%%

~H . N

| . i\ ~H

T

Figure 5 Operational diagram of the pit evacuation system from the fruit pitting device.
1 - pitter drum with slots for cherries, 2 - drum drive shaft with clutch,
3 — conveyor screw, 4 — escape channel, 5 — pitter tips
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Figure 6 Cross-section of the proposed solution for a ready-made drum pitter design

designing a new chute to increase the reliability of the
entire process, while eliminating the potential problems
related to blocking of the evacuated pits. Another very
important aspect of the developed structure is ease of
use and hygiene maintenance, which is so important in
all the fruit treatment processes.

The next step in improving the efficiency of pitting
may be the introduction of automation and monitoring
of the entire process, which will translate into an
additional increase in efficiency, quality and reliability
of the pitting process.

Acknowledgements
The research reported herein was supported

by a grant from The Agency for Restructuring and

References

Modernisation of Agriculture (ARMA) involving founds
of European Agricultural Fund for Rural Development
(EAFRD) for the years 2014-2020 under action 16
“Cooperation”. Grant title: “Technological, process
and product innovation in pitting cherries in such
a way that the structure of the fruit is disturbed
as little as possible in cooperation with the Kielce
University of Technology”, contract number: 00028.
DDD.6509.00125.2019.13.

Conflicts of interest

The authors declare that they have no known
competing financial interests or personal relationships
that could have appeared to influence the work reported
in this paper.

[1] FELLOWS, P. Food processing technology: principles and practice. 2. ed. Cambridge, England: Woodhead
Publishing Limited and CRC Press LLC, 2000. ISBN 1-85573-533-4.

[2] VALERO, D., SERRANO, M. Postharvest biology and technology for preserving fruit quality [online].
1. ed. Boca Raton: CRC Press Taylor and Francis Group, 2010. ISBN 9780429093333. Available from:

https://doi.org/10.1201/9781439802670

VOLUME 26

COMMUNICATIONS 2/2024



B134 NOWAKOWSKI et al.

[3] A peach stoning machine that can be used also for other fruits [online] [accessed 2023-12-15]. Available from:
https://www.freshplaza.com/europe/article/9417062/a-peach-stoning-machine-that-can-be-used-also-for-other-
fruits/

[4] Stainless stoning machine for peaches of every typelonline] [accessed 2023-12-15]. Available from:
https://www.italianfoodtech.com/stainless-stoning-machine-for-peaches-of-every-type/

[5] Aonla de-stonning machine [online] [accessed 2023-12-15]. Available from: https:/cish.icar.gov.in/destoning.php

[6] MOHSENIN, N.N. Physical properties of plant and animal materials[online]. New York: Routledge, 2020.
eISBN 9781003062325.Available from: https://doi.org/10.4324/9781003062325

[71 ARANA, 1. Physical properties of foods. Novel measurement techniques and applications [online]. Boca Raton:
CRC Press Taylor and Francis Group, 2012. eISBN9780429105944. Available from: https://doi.org/10.1201/
b11542

[8] PLANINSIC, G., LIKAR, A. Speed, acceleration, chameleons and cherry pit projectiles. Physics Education
[online].2012, 47(1), p. 21-27. ISSN 1361-6552. Available from: https:/doi:10.1088/0031-9120/47/1/21

[91 ALTUNTAS, E., OZTURK, B., KALYONCU, H.I. Bioactive compounds and physico-mechanical attributes of
fruit and stone of cherry laurel (prunus laurocerasus) harvested at different maturity stages. Acta Scientiarum
Polonorum Hortorum Cultus [online]. 2018, 17(6), p. 75-84. Available from: https:/doi:10.24326/asphc.2018.6.8

[10] MOUSA, A.M., GHANEM, H.G. Mechanical behavior of apricot and cherry pits under compression loading.
Journal of Soil Sciences and Agricultural Engineering [online]. 2019, 10(12), p. 867-872. ISSN 1644-0692,
eISSN 2545-1405. Available from: doi:10.21608/jssae.2019.79682

[11]1 PN-ISO 1050:1998. Continuous mechanical handling equipment for loose bulk materials - screw conveyors.

[12] PN-M-46553:1993. Continuous mechanical handling equipment for loose bulk materials. Screw conveyors.
Design rules for drive power.

[13]1 WULANTUYA, WANG, H., WANG, CH., QINGLIN. Theoretical analysis and experimental study on the process
of conveying agricultural fiber materials by screw conveyors. Engenharia Agricola/Agricultural Engineering
[online]. 2020, 40(5), p. 589-594. ISSN 0100-6916, eISSN1809-4430. Available from: https://doi.org/10.1590/1809-
4430-Eng.Agric.v40n5p589-594/2020

[14] RENFENG, Z., LEI, G., WEICHENG, G., XUDONG, X., YANWEI, L. Structure optimization design of screw
conveyor based on EDEM. Journal of Physics: Conference Series [online]. 2022, 2200(1), 012002. ISSN 1742-6596.
Available from: https://doi.org/10.1088/1742-6596/2200/1/012002

[15] TAN, Y., RACKL, M., YANG, W., FOTTNER, J., MENG, W., KESSLER, S. A comparative study on design
standards of screw conveyors in China, Germany and the USA - part I: Theoretical calculation and quantitative
analysis. Particuology [online]. 2022, 69, p. 61-76. eISSN 2210-4291. Available from: https:/doi.org/10.1016/.
partic.2021.11.011

COMMUNICATIONS 2/2024 VOLUME 26



ORIGINAL RESEARCH ARTICLE

Mechanical Engineering in Transport

B135

This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International License (CC BY 4.0), which permits
use, distribution, and reproduction in any medium, provided the original publication is properly cited. No use, distribution or reproduction is permitted
BY

which does not comply with these terms.

DEVELOPMENT OF THE BONDING TECHNOLOGY OF MODERN
AUTOMOTIVE MATERIALS WITH ENVIRONMENTALLY FRIENDLY

SOLUTIONS

Zoltan Weltsch'*, Ferenc Tajti, Miklos Berczeli®

Department of Road and Rail Vehicles, Szechenyi Istvan University, Gyor, Hungary
Department of Innovative Vehicles and Materials, GAMF Faculty of Engineering and Computer Science, John von

Neumann University, Kecskemet, Hungary

*E-mail of corresponding author: weltsch.zoltan@sze.hu

Zoltan Weltsch 2 0000-0002-6366-8281, Ferenc Tajti 2 0000-0003-3643-9261,
Miklés Berezeli 2 0009-0004-7187-9064
Resume Article info

The significance of bonding technology for modern vehicle structural
materials is increasingly acknowledged, driven by the adoption of new
materials to reduce weight. This is important not only for quality and
economic reasons but to address environmental pollution, as well. Traditional
joining methods like riveting, screwing, welding, and brazing, are often
unsuitable or limited for modern materials. Soldering, an economical and
almost waste-free technology, is becoming more widespread. Through
optimization, it achieves a strong, durable bond. There is a potential to
favourably alter interface properties, including using high energy density
surface treatments. Research showed that the laser surface treatment
of high-strength steel sheets could improve the mechanical properties of
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1 Introduction

Today, steel continues to be predominantly used
in vehicle production, primarily because it is one of
the most readily available raw materials, rendering
it more cost-effective than other metals with similar
properties. Its significant advantage lies in the ability
to modify its properties within wide limits at relatively
low costs. Furthermore, steel can be recycled without
any loss of quality. The only drawback is its heavy
weight. This feature is causing more and more problems
nowadays, because the environmental protection
regulations are becoming increasingly strict. To reduce
consumption and emissions, the approach involves
either incorporating metals that are lighter but more
expensive, such as aluminum-magnesium alloys, or
adopting the high-strength steels capable of satisfying
strength requirements with thinner sheet thicknesses.
Steel or aluminum plates of lower basic strength are
used in energy-absorbing places, but high-strength steel
is used in places important for safety. Such places are
the roof of the car, the A- and B-pillars and the doors,

and in certain places, such as the doors, they can also
be supplemented with super high-strength steel. With
these steels, it is possible to increase safety and still
achieve weight reduction [1]. To be able to connect these
steels of different strengths problem-free, it is necessary
to ensure the appropriate joining technology and the
factors affecting it. In bonding technology, the surface of
materials being joined and characteristics of interfaces
represent one of the most crucial aspects [2-4].

Vehicle weight reduction is a critical task for lowering
consumption. Thinner yet high-strength steel plates offer
a viable solution for achieving this weight reduction. It
is advisable to design the connection of these plates in
such a way that it does not significantly increase the
weight of a vehicle. It is possible to improve bonding
technologies with surface treatment technologies. Laser
surface treatment with a high energy density affects the
interfacial energy of the treated surface, thus its wetting
ability, which plays an important role in the creation of
adhesive bonds [5-7].

The core principle of laser surface treatment
involves inducing stresses on the material’s outer

© 2023 UNIVERSITY OF ZILINA
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surface that are crucial for stress management. The
primary objectives include enhancing the surface’s
strength and load-bearing capacity, establishing
more favourable friction conditions, improving wear
resistance, optimizing residual stresses to boost fatigue
resistance, and enhancing the corrosion resistance.
Laser treatment cannot be economically used for mass
property modification, however, it can be used for
very precise surface treatments, when it is important
to change the properties of the raw material only on
the surface layer. Utilizing this method allows for the
alteration of the surface oxide layer, the interfacial
energy, and creation of a surface microstructure that
influences wetting. The extent to which the laser beam
is absorbed by the material significantly dictates its
applicability for various tasks. To enhance absorption,
the surface may be coated with graphite spray. The
interaction between the laser beam and the material
is basically determined by the following technological
parameters [8-10]:
e  Laser power [W]
e  Wavelength [nm]
e Beam shape, size [mm]
*  The nature of the intensity distribution within the
irradiated area (TEMij)
e  Scanning (forward) speed [m/s].

Hao et al. utilized CO, laser surface treatment on
corrosion-resistant steel, resulting in nearly a doubling
of the O, concentration in the steel’s interfacial layer and
a 10% increase in surface energy. [1].

Khadka et al. team applied a Nd:YAG laser treatment
to a magnesium alloy, with the effects assessed using
distilled water. The treatment led to a decrease in the
contact angle of distilled water droplets on the surface
from 81° to 41°, marking a significant enhancement in
wetting [11].

Rotella et al. conducted treatments on DP500
high-strength and AISI 304 corrosion-resistant steel
using a wire laser, aiming to improve wetting and
thereby enhance the bonding strength. The investigation
also covered changes in surface roughness, reporting
a notable improvement in the wetting properties of both
steels, alongside an increase in surface roughness [12].

Bonds are categorized into dissolvable and non-
dissolvable types. If a bond can be removed without

destruction with some tool or aid, then the given
bond type is classified as a dissolvable bond; however,
if the bond can only be removed by destruction, it is
classified as a non-dissolvable bond. Dissolvable joint
technologies include, for example, rib joints, screw
joints and latch joints. The non-dissolvable ones include
riveting, welding, soldering and gluing. The solid joints
fall into both categories, as their classification as
dissolvable or non-dissolvable depends on the extent
of part overlap and the assembly technology used,
determining whether such joints can be separated
without causing destruction.

In the present work, soft soldering is preferred
because it is one of the possible joining technologies
for joining high-strength steels. Riveting and screwing
would also be a good technology, but if the goal is to
reduce the weight of vehicles, these fastening methods
are not the solution, because those fasteners increase
the weight of vehicles. Welding and brazing do not
greatly increase the weight of a vehicle, but with these
technologies, a melt is formed, which can change the
fabric structure of the raw material or even deform it
due to the high heat input [13].

Soldering is a widely used joining technology
nowadays. The benefit lies in the ability to form a soft-
soldered joint at temperatures low enough to preserve
the fabric structure of the base material, resulting in
minimal deformation. The quality of the joint depends
largely on the wetting of the solder. By improving
the wetting, the strength of the bond can be further
increased.

Drawing from literature data and existing
knowledge, it is posited that laser surface treatment
on steel material can effectively alter the oxide layer,
thereby enhancing the wetting properties and increasing
the strength of soft-soldered joints. In the course of the
research, the changes in interfacial energy, resulting
from the CO, laser surface treatment, and its impact on
soft-soldered joints are thoroughly investigated.

2 Materials and methods

The DP600 type steel was selected for the
tests because of its common application in vehicle

Figure 1 Metallographic image of DP600 steel [15]
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manufacturing. The numbering of DP steels indicates
the tensile strength. Dual phase steels consist of islands
of hard martensite embedded in soft, malleable ferrite,
the amount of which is usually 10-40%, depending on
the desired mechanical properties (Figure 1) [14].

During the series of experiments, a cold-rolled 25 x
55mm DP600 steel plates of a thickness of 1mm were
used. The plates were cut in such a way that their longer
sides were parallel to the rolling direction. The results of
the research can be impaired by a contaminated surface,
so the surfaces were cleaned on-site with 96 % methanol,
directly before the treatment, which was applied to the
surface with a sterile cotton swab and wiped off. The
plate was then dried immediately after cleaning using
a hot air dryer.

During the laser surface treatment, a laser with
a CO, source was used, specifically a Unisonic 900
type engraving laser, capable of a maximum power of
100 W. Furthermore, the treatment parameters were
determined experimentally. In this case, the focus
diameter was fixed at 0.1mm, and the increment was
also set to the same amount.

During the laser beam surface treatment, the
variable parameters were power and scanning speed,
the set power values were: 35 W, 50 W, 65 W and 80 W,
while the speed values were 25 mm/s, 37 mm/s, 48 mm/s
and 60 mm/s. With this set of parameters, the extreme
values of the machine’s application range are covered
(Figure 2).

v (mm/s)

60 mm/s

The wetting was investigated using the resting drop
method. The temperature in the measuring room was 20
+ 1°C. The treated steel plate was placed on the stage,
5 ul of distilled water was drawn into the micropipette,
and it was then positioned in the pipette holder on the
stand. The water drop was gently squeezed to prevent
dripping, causing it to hang at the end of the pipette tip.
Subsequently, the plate, along with the stage, was raised
to bring the water drop into contact with the plate’s
surface, resulting in the water drop jumping onto the
plate. The stage was then lowered to position the drop at
the center of the camera’s view. To capture a photograph,
the focus was adjusted using the micrometers on the
microscope stage. When the image appeared sharp on
the camera, the drop was photographed using a remote
control with a 2-second delay to reduce errors caused
by camera shake. These processes were also carried
out using ethylene glycol, and the photos were saved in
separate folders on the computer.

The photographs taken in this manner were opened
in a computer program, where the two contact points
between the liquid drop and the surface had to be
manually marked. Subsequently, two tangents were
manually drawn, and the program calculated the edge
angle, which was then saved in an Excel file. Four
measurements were taken from each photograph to
minimize measurement errors.

SMIC lead-free EcoSolder solder paste was used
for soldering due to its safety as a lead-free option.

48 mm/s

37 mm/s

25 mm/s

P
L

| 35W 50 W 65 W sow P(W)
Figure 2 The parameters of the laser surface treatment
Table 1 Chemical composition of M705-GRN360-K1-V solder paste [16]
% Sn Pb Sh Bi Cu Au In Ag Al As cd Fe Ni Zn
M705 965 0.05 0.1 0.1 0.5 0.05 0.1 3 max 0.001  0.03 0.002 0.02 0.01 0.01
max max max ~max max  max max max max ~max max  max
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A big advantage is that those pastes are available in
a wide range of products according to different soldering
temperatures. The solder paste utilized carries the type
number M705-GRN360-K1-V, with a melting point of
around 220 °C according to the manufacturer’s data.
The chemical composition of the solder paste is shown

in Table 1.

3 Result and discussions

Based on the results, it can be seen that compared
to samples with untreated surfaces, the wetting values
were improved with the CO, laser beam (Figure 3).

Regarding the trend of the results, it can be said that
by increasing the amount of energy input and reducing
the feed speed, the value of the wetting edge angle can
be reduced. On the DP600 steel plate, wetting improved
by 62° for ethylene glycol (Figure 3/b) and 86.5° for
distilled water (Figure 3/a), resulting in an improvement
of 93.9% and 97.7%, respectively. The alteration of the
edge angle values is presumably due to changes in the
oxide layer, which was modifiable with the laser beam.
For this treatment, the total interfacial energy
was calculated as well, based on the Fawkes relation,
as indicated in (Figure 4). The figure shows that the
surface energy increases proportionally with increasing
power and decreasing feed rate. The surface energy was
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Figure 3 Effect of the DP600 steel laser surface treatment on the wetting edge angle measured with

a) distilled water,

b) ethylene glycol liquids
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Figure 4 The change in the interfacial energy as a result
of the laser beam surface treatment of DP600 steel
Figure 5 Contact conditions during the soldering experiment
on a laser-treated DP600 steel plate
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199° n4°

Figure 6 Images of contact angle measurements of soldering made on an untreated DP600 plate

168° 184°

154° |

Figure 7 Images of contact angle measurements of soldering made on laser treated DP600 plate

almost quadrupled compared to the untreated plate.

A soldering experiment was also performed on the
plate treated with the ALFA-LCE 2 laser machine. In
this case, the plate was soldered using a power of 50
W and a speed of 37 mm/s. In Figure 5 can be observed
that the edge angle of the solder material increased
significantly, possibly due to the high temperature,
causing the effect of the laser surface treatment to
disappear. As a result, the soldering experiment did not
yield any results. However, an improvement in bonding
is expected with adhesive bonding technologies where
the high temperatures are not involved.

Figure 6 shows the soldering measured on the
untreated plate, while Figure 7 shows the soldering of

the plate treated with 300 W. Each soldering photo was
evaluated four times, and the angles were then averaged.
The average of the peripheral angle of the soldering on
the untreated plate is 20.6°, while the average of the
peripheral angle of the soldering measured on the plate
treated with 300 W is 16.8°.

Compared to the untreated case, a significant
difference can be discovered of the edge angle values
of the solder material of the DP600 plate treated with
the 300 W laser energy wave. On the one hand, there
is an average difference of more than 4°, so the laser
beam treatment improves the wetting properties by
that much. The standard deviation of the perpendicular
angle measurements was improved by approximately
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40 %, as well, which further strengthens the assumption
that the laser treatment does not only result in surface
activation, but also in the surface homogenization,
which remains even at the soldering temperature.

4 Conclusion

The findings of the study reveal significant
enhancements in the wetting values following the
CO, laser beam surface treatment, in comparison to
untreated samples. The trend observed indicates that
the increasing energy input and reducing the feed
rate contribute to a reduction in the wetting edge
angle. On the DP600 steel plate, wetting improved by
62° for ethylene glycol and 86.5° for distilled water,
resulting in remarkable improvements of 93.9% and
97.7%, respectively. These changes of the edge angle
values are likely attributed to modifications in the oxide
layer, achievable through the laser beam treatment.
Furthermore, the investigation included calculating
the total interfacial energy using the Fowkes relation.
The results depicted in Figure 4 illustrate that the
surface energy increases proportionally with higher
power and decreased feed rate. Notably, the surface
energy was nearly quadrupled compared to untreated
plates, showcasing the effectiveness of the laser
surface treatment. However, in the context of soldering
experiments, performed on the plate treated with the
ALFA-LCE 2 laser machine, using a power of 50 W and
a speed of 37 mm/s, an unexpected increase in the edge
angle of the solder material was observed. That increase
may be attributed to the high temperature during the
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soldering process, which could nullify the beneficial
effects of the laser surface treatment. Consequently, the
soldering experiment did not yield the expected results.
In summary, the study underscores the beneficial effects
of CO, laser beam surface treatment on enhancing
the wetting values and surface energy. However, the
effects on soldering require further investigation, and
adhesive bonding methods may be a promising avenue
for improved bonding in the laser-treated materials.
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The established mode of operation of the conveyor with a nominal linear load
is the most economically advantageous from the point of view of increasing
the energy efficiency of mineral transportation, in which the cargo flow
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with minerals corresponds to the nominal productivity of the conveyor. An

increase in the linear load of the working branch of the traction-bearing body
to a nominal value reduces the share of unproductive consumption due to
which energy savings are achieved for a certain period of time, characterized

by its hourly average value.

The purpose of the work was to develop a technical solution to increase the
energy efficiency of operation of multi-motor plate conveyors.
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1 Introduction

Modern belt conveyors are capable of processing
the cargo flows of the largest mines and quarries in the
next decade in terms of productivity [1-3]. However, this
type of conveyor cannot operate on a curved track, as
well as at high angles of inclination, which is typical
for open-pit mining conditions. Ensuring the delivery
process on curved routes, the possibility of increasing
the angle of transportation, improves the technical and
economic indicators of mineral extraction in quarries
and sections, since at the same time it is possible to
change the geometry of open mine workings, which leads
to a reduction in unproductive costs by reducing the
amount of work on stripping [4].

The practice of operating plate conveyors at mining
enterprises in Kazakhstan and the experience of their
operation abroad have shown that this type of conveyor,
due to its design features, can be successfully applied
in various industries in difficult mining, geological and
production conditions for transporting a wide range of

goods (coal, pellets, agglomerate, rocks and ores). In
particular, in Kazakhstan, at the Molodezhny coal mine
(Kazakhmys Coal LLP), a plate feeder of the KM PP
2-10-60 type is used to supply coal to the concentrator
(Figure 1) with a frequency converter from Mitsubishi
Electric E-700 (Figure 2), with which, depending on
the volume of the coal flow, it is possible to adjust the
frequency, increase or decrease the speed of the electric
conveyor drive.

An analysis of the experience of operating plate
conveyors at mining enterprises has shown that the
use of modern frequency-controlled electric drives is
a promising direction in improving the efficiency of
operation of multi-motor plate conveyors, providing
control of the speed of movement of the bearing web,
control of load distribution between drives, elimination
of equalizing forces in the conveyor traction circuit,
automatic start of a multi-motor conveyor taking into
account the elastic-viscous properties of traction-
the load-bearing canvas and a number of other
factors [5-8].
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Figure 1 Electric plate drive feeder type KM PP 2-10-60

2 Substantiation of the relevance of the study

Technological schemes using the plate conveyors
are preferable to conveyors with a belt traction and
bearing body, for economic reasons, as well. This is due
to the need to install additional crushing complexes in
the case of belt conveyors, as well as the arrangement
of transshipment points associated with the use of
these conveyors on curved transport routes. When using
the plate conveyors that bend in plan, the number of
mechanisms and machines is significantly reduced,
which significantly simplifies the technological scheme of
transportation and increases the reliability of operation
of the entire complex [9].

It is also possible to note an important design
feature of the plate conveyors, characterized by the
movement of the traction-bearing body of the conveyor
on wheel pairs along a metal frame, which allows for
significantly less resistance to movement during the
conveyor operation compared, for example, with another
type of chain conveyors - scraper conveyors. In these
conveyors, the scrapers move along the surface of the
metal grate, which leads to a significant increase in the
energy consumed by the engines. At the same time, even
full loading of the upper branch of the working web of
the plate conveyor does not lead to a significant increase
in the resistance to movement of the traction-bearing
body of the conveyor when it is operating under rated
load.

An important advantage of the plate conveyors,
in terms of power indicators, is the possibility of
transporting large-lump rock mass along a curved
highway in one stop without transshipment points
at low values of resistance to movement of the load-
bearing body. When operating long-range main plate
conveyors from 1000 to 6000m, multi-motor designs
are used. At the same time, ensuring a smooth start
of a multi-motor chain conveyor is of a great practical
importance, and is undoubtedly relevant for controlling
and maintaining a workable static and dynamic state of
the main plate conveyor structure operated in difficult

Figure 2 Frequency converter of company ,,Mitsubishi
Electric E-700¢

mining and geological conditions [10-11]. With a non-
unloading scheme for transporting the rock mass, due to
the presence of a large number of intermediate drives in
a plate conveyor, it is also necessary to solve the problem
of automatic distribution of the total load between its
drives [12-13].

The experience of operating multi-motor plate
conveyors at mining enterprises in Kazakhstan shows
that the operating modes and technological parameters
of industrial conveyors at most coal mines are extremely
inefficient in terms of actual electricity consumption.

The actual energy consumption of the leading
electric drive of the plate conveyor, as is known, can be
determined by the following formula:

Wubﬂ t

E=N="15,

, kWh, (1)
where: W , - is the resistance to movement of the upper
branch of the traction-bearing body of the conveyor, N;
1y - 1is the efficiency of the electric drive gearbox; 9 - is
the linear speed of movement of the conveyor working
web, m/s.

The resistance to movement of the upper branch of
the traction-bearing body of the conveyor is determined
by the following formula:

Wu/) - Lc!][(wa"‘Ql)w'COSﬁ‘qub Sinﬁ],N, (2)

where: L, - conveyor length, m; g, - linear weight of
the load per running meter of the working web of the
traction-bearing body, N/m; g , - linear mass of 1m
of the working branch of the traction-bearing body,
N/m; w" - the coefficient of resistance to movement;
B - conveyor installation angle, °; g - gravitational
acceleration.

Figure 3 shows exponential dependencies reflecting
the potential dynamics of changes in energy consumption
by the leading electric drive of the P-80K multi-motor
plate conveyor in steady-state operation.

The analysis of dependencies presented in Figure
3 shows that with an increase in the linear load on
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Energy consumption by the conveyor drive depending on the
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Figure 3 Dependences of the energy consumed by the electric drive of the P-80K multi-motor plate conveyor on the linear
speed of the traction body and the linear load of the working web

the conveyor working web from 490 to 2980 N/m, at
different speeds of the traction body (0.1 - 1.2 m/s), the
actual energy consumption of the leading electric drive
of the P-80K conveyor increases by 5-6 times. Thus, the
problem of unreasonable power consumption in steady-
state operation of a multi-motor plate conveyor is an
urgent scientific task.

In connection with the above, this work has set
the goal of developing a technical solution that would
allow for the implementation of measures to increase
the energy efficiency of operation of multi-motor plate
conveyors.

3 The above diagram and mathematical
description of a multi-motor plate conveyor
in steady-state operation

After reaching the nominal speed of the traction-
bearing body 1, the conveyor begins to load ore from
the hopper 2 (Figure 4). When the traction-bearing
body is fully loaded with cargo 3, the head drive 4 of
the conveyor and the tail driven electric drive 5 of the
lower branch 7, respectively, begin to work on moving

the loaded upper branch 6 of the traction-bearing body.

The elements of the traction-bearing body of
a multi-motor plate conveyor have elasticity, rigidity,
inertia - the values of which must be taken into account
when developing a mathematical model describing the
dynamic processes occurring in various nodes of the
conveyor during its operation. To solve the problems of
dynamics, the studied conveyor nodes can be represented
as separate inertial elements connected by elastic bonds.
In addition, for unsteady processes (start-up, braking,
speed changes), it is necessary to take into account the
influence of rotating and linearly moving parts of the
traction body, the electric drive and the weight of the
load. To do that, the method of bringing all the moving
masses to the shafts of the corresponding engines was
used. Calculation formulas are compiled to fully bring
the moments of inertia of rotating parts of gearboxes,
a moving traction-bearing body, and the weight of the
load to the engine shafts. The above diagram of a multi-
motor plate conveyor with asynchronous frequency-
controlled electric drives is shown in Figure 5.

The masses of the upper branch of the traction body,
the sprocket and the rotating parts of the first gearbox
are driven to the rotor of the drive motor; the masses
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Figure 4 Diagram of loading a multi-motor plate conveyor with ore
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Figure 5 The above diagram of a multi-motor plate conveyor with asynchronous
frequency-controlled electric drives

of the lower branch of the traction-bearing body, the
sprocket and the rotating parts of the second gearbox
are driven to the rotor of the driven motor. Thus, the
conveyor is replaced by a two-mass system connected by
elastic bonds of the lower and upper branches.

The conditions under which the necessary load
distribution between the electric drives is ensured
(taking into account the limitation of unreasonable
dynamic overloads in the traction-bearing body of the
plate conveyor) are described by the following system of
equations [14]:

]Zl% - MADI - Mcl - Mm - (3)
_le(a)l — w2)dt + sz(a)z — w1)dt,
Jre dg;z = Mapz — Mo — ch(a)z — w)dt + @

+C1f(a)1 — w:)dt,

where: M, - is the electromagnetic moment developed
by the first master electric motor; M - is the static
moment reduced to the shaft of the first electric motor;
M,,, - is the electromagnetic moment developed by the
second slave electric motor; M, - is the static moment
reduced to the shaft of the second motor; M, - is the
moment of resistance forces from the mass of the load
transported; @i, @: - are the angle speeds of rotation
of the first and second electric motors, respectively;

Js1 - is the inertia moment of the upper branch of
the traction body taking into account the mass of the
load transported reduced to the master electric motor;
Jx2 - 1is the inertia moment of the lower branch of the
traction body taking into account the mass of the load
transported reduced to the slave electric motor; c,, c, -
are the coefficients of rigidity of the upper and lower
branches, respectively.

When operating an electric drive of a multi-motor
plate conveyor, in the case of placing motors at the ends
of the conveyor, the ratio of traction forces of the drives
is not equal to the ratio of their installed capacities - this
is explained by uneven chain drawing, the difference in
loading of empty and loaded branches, which leads to
high dynamic loads [15]. To reduce the dynamic forces
in the chain, it is advisable to distribute the loads
between the drives so that each engine is loaded on its
own branch. In the load distribution system, the leading
drive is the first head drive loaded on the working
branch [16]. The end driven electric drive, accordingly,
works to move the lower empty branch of the traction-
bearing body.

Figures 6 and 7 show a block diagram and a block
diagram of an algorithm for controlling and distributing
loads between frequency-controlled electric drives of
a multi-motor plate conveyor [17].

The essence of the method of controlling and
distributing loads between frequency-controlled
asynchronous electric drives of a multi-motor plate
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Figure 6 Structural block diagram of a frequency-controlled electric drive for controlling and distributing loads between
drives of a multi-motor plate conveyor

conveyor, based on measuring the loads of the leading
and driven electric drives of the conveyor, correcting the
control signal of the driven electric drive in the function
of the measured loads and controlling the speed of the
leading electric drive, is as follows. The linear loading
of the working branch and the forces in the idle branch
of the traction-bearing body, the ambient temperature
and the lifting angle of the conveyor are measured. In
the established modes of operation of the conveyor, in
accordance with the changing linear loading, the speed
of movement of the working branch is regulated by the
driving electric drive, the torque setpoint of the driven
electric drive of the idle branch is changed, taking into
account the ambient temperature and the angle of lifting
of the conveyor, and when the forces in the idle branch
change, the traction torque of the driven electric drive
is adjusted relative to the torque setpoint of the electric
drive of the idle branch [17].

The proposed method can be implemented based on
the known technical solutions as follows.

4 Execution of control system units
and load distribution between electric drives
of a multi-motor plate conveyor

All the blocks can be made based on the known
technical solutions [17]. Conveyor 1 includes a steel and
a traction-bearing body of the conveyor (a load-bearing
cloth made of steel plates attached to a chain traction
body), while the first transmission device of the drive
electric drive (TD 1) 2 and the second transmission
device of the driven electric drive (TD2) 12 are made
in the form of standard cylindrical gearboxes. The first
asynchronous electric motor of the drive 3, and the
second asynchronous electric motor of the driven drive
13, are asynchronous motors with a short-circuited
rotor.

The first frequency converter with an automatic
control system (FC1+ACS) 4, and a second frequency
converter with an automatic control system (FC1+ACS)
14 - standard converters that convert AC mains voltage
into variable power supply frequencies of asynchronous
electric motors 3 and 13.

The first PLC1 (Programmable Logic Controller),
the angular velocity controller 5 of the first electric
motor 3 is a programmable logic controller with an
adaptive law for regulating the angular velocity of
rotation of the rotor of the first electric motor from the
actual linear load of the traction-bearing body of the
conveyor 1, direct dependence.

The second PLC2, controller 15 is a programmable
logic controller with an adaptive law for regulating the
traction torque (TT) of the driven second electric drive of
the conveyor, taking into account the actual forces in the
idle branch of the traction-bearing body.

The first adder of the drive 6 is a standard device
that converts information signals (analog or digital) into
a signal equivalent to the sum of these signals and, in
this case, determines, depending on the linear load of
the working branch of the traction-bearing body of the
conveyor 1, the difference between the calculated set and
the actual measured values of the rotation speed of the
first electric motor 3.

Scales 10 is a standard weighing device with a linear
load sensor 9 of the upper branch of the traction body.
The angular velocity sensor 7 is a standard sensor for
measuring the rotational speed of the rotor of the first
electric motor 3.

The rotation speed control unit 8 is a standard unit
that sets the calculated value of the rotor speed of the
first electric motor, made in the form of an analog or
digital setpoint. The force sensor on the shaft of the
end sprocket 11 is a standard force measurement sensor
(tensile moment) applied to the shaft of the end sprocket
of the driven drive from the tension of the upper branch
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Figure 7 Block diagram of an algorithm for controlling and distributing loads between frequency-controlled
electric drives of a multi-motor plate conveyor

of the traction body. The second adder of the driven
electric drive 16 is a standard device that converts
information signals (analog or digital) into a signal
equivalent to the sum of these signals.

The control unit of the calculated force value in the
idle branch of the traction-bearing body 18 is a block
that sets the calculated value of the traction torque
of the driven electric drive. Temperature sensor 19 is
a standard sensor for measuring ambient temperature.
The lifting angle sensor 20 is a standard analog or
digital sensor that determines the lifting angle (tilt) of
a multi-motor plate conveyor.

5 Verification of the proposed technical
solution

The developed algorithm for controlling and
distributing loads between the frequency-controlled
electric drives of a multi-motor plate conveyor was
implemented in laboratory conditions in the computer
environment of the FR CONFIGURATORZ2 program
at the stands of Mitsubishi Electric with a frequency
converter of the FR-A800 series. The obtained simulation
results were positively evaluated by production
specialists, who recommended the proposed technical
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solution for practical use in the operation of plate
conveyors in open-pit mining [15].

Thus, the developed method of controlling and
distributing loads between frequency-controlled electric
drives of a multi-motor plate conveyor, in authors’
opinion, will ensure the necessary operational mode of
operation of the conveyor with a nominal linear load,
by regulating the speed of movement of the working
body of the conveyor. The maximum load of the traction-
bearing body of the conveyor in steady-state operation is
the most economically advantageous, from the point of
view of increasing the energy efficiency of the operation
of the plate conveyor. In this regard, the proposed
automated control system for a multi-motor electric
drive, implemented based on the PLC, is configured
in such a way that it measures the linear load of the
working web in the real time and regulates the speed of
its movement, which ensures the maximum loading of
the upper branches and eliminates unreasonable power
consumption of the electric drive.

6 Conclusions

The developed method for controlling and distributing
loads between frequency-controlled asynchronous
electric drives during operation of a multi-motor plate
conveyor is based on regulating the linear speed of
movement of the traction-bearing body depending on the
actual linear load of the working branch.

This ensures the nominal capacity of the conveyor,
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Resume

Construction development is inevitable, while despite its advantages and
its benefits, it may lead to several problems related to landfill and its
storage, referring to the high volumes of concrete waste currently generated
annually, almost 2.0 ton/per capita according to Eurostat. In Algeria, the
government has integrated waste management strategy [3] provision to
recovering 60% of construction waste by 2035, which can translate to
an urgent need to find innovative ways to recycle concrete waste. One is
using those wastes to produce aggregates; however, around 20% of those
aggregates represent fines, wich can lead to several issues if not considered
in the concrete mixture. This work is an investigation that allows for using
this fine fraction as partial replacement of cement. The result confirms the
feasibility of using this material efficiently by applying an optimization
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1 Introduction

Many construction works are being implemented
and many projects will be born in the future to serve the
development of Algeria’s infrastructure, and one of the
effective strategies around the world is the sustainability
development that became an obligation [1]. The concept
is to try to find possibilities for recycling and reusing
those waste to thereby drive the institution of a circular
economy [2], Algeria is also imposing itself by raising
and integrate the waste management strategy, it is
expecting to recovery more than 60% of construction
waste in 2035 [3]. The construction sector is responsible
for 25% of the total CO, emissions [4], whereas only
the cement production is responsible for about 8% of
those emissions. This is among the reasons that pushed
Algerian government to enter many agreements, among
them the treaty with the Federal Ministry of Germany
and the European Union, for the German Society for
International Cooperation “GIZ” program, which is an

ambitious program to contribute to the reduction of
greenhouse gas emissions targeting at least 7% by 2030.
This program includes several points, among them the
protection of the environment and biodiversity of the
Algerian coast and sustainably strengthen value chains
in waste management. In addition, create a waste
collection and recycling system and also develop and
introduce new offers of qualifications and specific
training for the waste sector [5]; it also puts several
strategies such as National Strategy for Integrated
Waste Management by 2035 (SNGID-2035). In addition
the realization of eight technical land-fill centres for
inert waste across the national territory will allow
rational management of this waste and recovery in
construction, as well as the National Strategy and
Action Plan for Biodiversity 2016 - 2030, the National
Action Plan on sustainable consumption and production
patterns by 2030 (PNA-MCPD) [6].

In Algeria, millions of tons of waste are generated
every year from the construction sector, according to the

© 2024 UNIVERSITY OF ZILINA
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report of National Waste Agency in 2020 about the state
of waste management. The quantity of construction and
demolition waste produced in 2020 is estimated at 13
million tones and it increases every year, the estimate
of this inert waste that comes from the construction and
demolition sector will be around 27 million tons in 2035
[3]. Hence, the urgent need to adapt to the sustainable
development approach by finding effective techniques
for managing waste and, above all, reusing it in various
applications.

Recent researches tend to find new ways of
recovering waste to fully fulfil their obligations; they
proceed to the valorisation of this waste generated by
construction sector, either in the form of aggregates for
reuse instead of natural aggregates [7-11]. In addition,
in the manufacture of fines and valued as new materials
that can be used as a partial replacement for cement
[12]. Moreover, that is what we were investigating in
this research, because this practice is often limited
due to the side effects often related to their very high
water absorption and especially when we use the
coarser aggregate. Therefore, this investigation is one of
those solutions that could be very beneficial, about the
feasibility of using finely ground concrete from waste
concrete as a component of concrete. Instead of using
fine recycled concrete as aggregates, we propose to use
them as mineral addition (supplementary cementing

material SCM). After the usual recycled concrete
aggregate manufacturing process, in which the concrete
was broken in small pieces, and crushed, we proceed
to an additional process of crushing and sieving until
obtaining a powder with maximal diameter lower than
80 pm. In the following, this powder can be used as
a substitute for usual addition, such as limestone filler,
silica fume, or blast furnace slag or even fly ash, what
would reduce quarrying of natural resources.

Nevertheless, the use of recycled aggregate fines in
the manufacture SCM is now a research and development
path as an addition to clinker.

The objective of this study was to evaluate the
possibility for use of those fines in manufacturing
mortar, the appropriate replacement percentage by
evaluating the performance of a common concrete
composed using them, and to assess that we started
by reporting a physical and chemical characterization
investigation on those recycled concrete fines. Then, the
evaluation of its influence on the mechanical resistances
to be able to draw approaches and recommendations for
an optimal use of those fines.

In view of results from this work, it is therefore
possible to use the powder from the fines recycled
concrete in the raw to be used as a mineral addition
in cementitious materials, by incorporating them into
mortar and subsequently into concrete.
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Figure 2 The manufacturing process of recycled concrete powder in the laboratory

Table 1 Results of chemical analysis of recycled concrete powder

Sample of Recycled Concrete Powder

Component (%)

Calcimeter Tests CaCO,
Chlorine Test (CI)
Sulphate Test

The insoluble matters

48.80
0.25
>0.01
50.95

2 Materials and methods
2.1 Materials preparation

The recycling process that has been adopted in this
work-study for the manufacturing process to obtain
recycled aggregate, more precisely, the fine fraction
(recycled concrete powder) that was used in those
experiments, is shown in Figure 1.

The research has been carried out using the raw
materials from concrete waste; the concrete has been
recovered for test specimens, which come from several
construction sites located in the region of Bechar-
ALGERIA. The recycled concrete powder manufacturing
process started by crushing, and screening, then passed
to the grinding using a micro-grinder and then sieving
at 80 pm. Figure 2 illustrates the laboratory material
employed and schematization of the manufacturing
process.

2.2 Characterization of fines from concrete
recycling

2.2.1 Chemical characterization:

For a better understanding of the nature of those
fines (recycled concrete powder) a basic chemical
characterization tests were carried out on this material
for identifying minerals, the results are shown
in Table 1.

Chemical identification tests revealed that:

e (Calcimeter Tests using Bernard Calcimeter:
about half of those fines is limestone, which make
sense given the calcareous nature of the gravels

in this region.

*  Chlorine Test: revealed that the amount of chlorine
does not exceed 0.25%.

*  Sulphate Test: we detected only traces (less than
0.01), which is largely far from the limit, which
is 0.80%. The rest of the material constitutes of
minerals insoluble, which represent around half of
the materials.

Those analyses conducted lead to the conclusion
that recycled concrete powder is compatible for
introduction into cementitious matrices. Additionally,
even if there exists a potential variation in the chemical
composition between different concrete waste sources,
that is attributed to the components, nature, and origins
of recycled concrete and its aggregates. According to
the literature, recycled concrete may often contain high
percentages of calcite or limestone, with quartz being
the most common, together with small amounts of lime,
portlandite, and some iron oxides [12-14].

Acknowledging to these potential variation,
preliminary assessments indicate that those fluctuations
do not significantly compromise the properties of the
concrete, although this aspect requires validation in
future researches.

To better quantify and comprehend the extent of
these variations, further analyses based on XRD have
been conducted.

2.2.2 Physical characterization

We determined the apparent density of Recycled
Concrete Powder according to standard EN 196-6 [15],
to compare it to that of the additions and that of the
binders.
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Figure 3 The results of XRD analysis of recycled concrete powder

The density of Recycled Concrete Powder is 650 kg/
m?, which is comparable to that of other additions, such
as silica fume (400 to 650 kg/m?), and limestone fillers
(500 to 700 kg/m?).

2.2.3 XRD characterization

To better understand the recycled concrete powder,
we have proceeded to the X-ray diffraction “XRD” tests,
which has been made with the following operating
parameters: Cu Ko radiation, 45 kV, 200 mA power
generator. An angular range of 5-70° 20 was measured
with a scan speed of 5° per minute, the results are
presented in Figure 3.

The XRD analysis reveals that these fines are
mainly composed of calcite and quartz, which makes
sense when we relate it to the nature of the aggregates
in the region of Bechar, Algeria; small amounts of
lime, portlandite, and some iron oxides were observed,
as well.

Other researchers as Oksri-Nelfia et al noted that
they had found that the recycled concrete fine containing
73% of CaCO,, as well as around 2.4% of portlandite
[12]. Liu et al. found that the recycled concrete powder

contain 52.53 % of Ca0, 27.87% of SiO,, 7.04% of ALQ,,
4.9% of Fe,0,, 3.563% of MgO, 1.27% of K,0, and finally
0.05% of SO, [16]. Cantero et al., mention, in their
review about construction and demolition, waste powder
that can contain between 36% and 70% of SiO,, 6%
to 19% of ALO,, 3% to 6% Fe,0,, as well as less than
20% of CaO, along with traces of other oxides; it may
prove to be a suitable Supplementary Cementitious
Material [17].

Although the results found are in accordance
with the literature, however, the chemical components
can vary, and there is sometimes a difference in the
proportions of materials. This variation is often due
to the nature of the aggregates used, as aggregates
typically make up 60 to 75% of the volume as fillers in
concrete materials [18].

2.3 Materials used for mortar formulation

For the formulation of mortar in this case we used
a cement which is CEM I 42.5 N-SR 3 from Lafarge-
Algeria (MOUKAOUEM), and for the sand we used
a quarry sand (0-3) from the region of Bechar-Algeria;
these characteristics are given in Table 2.
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Table 2 Characteristics of sand

Sand Value Description
Sand fineness mf = 2.05 (1.8 < mf < 2.2) sand mostly fine grain
Equivalent sand test esp. = 85.6 (esp. 2 80) very clean sand
Table 3 Composition of mix mortar
Replace‘(’,;)nt share 5 10 15 20 25 30 35 40 45 50
Sand (g) 1350 1350 1350 1350 1350 1350 1350 1350 1350 1350 1350
Water (ml) 225 225 225 225 225 225 225 225 225 225 225
Cement (g) 450 422.5 405.0 382.5 360.0 3375 315.0 292.5 270.0 247.5 225.0
Recycle Concrete 0 225 450 675  90.0 1125 1350 1575  180.0 2025  225.0
Powder (g)
Table 4 The effect of percentage of replacement share on mechanical strength in MPa
Replacement
Mechanical share (%) 0 5 10 15 20 25 30 35 40 45 50
strength (MPa)
5.0 3.0
Flexural strength 5.5 5.0 4.5 4.5 4.0 4.0 3.5 2.5 2.0
(7 days) (£0.5) (1.0 (£1.0) (#1.0) (x0.5) (x1.0) (£1.0) (£1.0) (+1.0) (#1.0) (£1.0)
Flexural strength 6.0 6.0 6.5 6.0 5.5 5.5 5.0 5.0 4.0 4.0 3.0
(28 day) (£0.5)  (£0.5) (x0.5) (£1.0) (x1.5) (£0.5) (x1.0)0 (x0.5) (£1.0) (x0.5) (£1.0)
Compressive strength 22.5 23.0 230 225 220 210 200 190 160 13.0  10.0
(7 day) (#2.0) (*1.0) (x2.00 (x2.0) (22.0) (2.0)0 (x1.0) (x1.0) (x1.0) (22.0) (£2.0)
Compressive strength 29.5 29.5 30.0 29.0 275 26.5 24.5 22.0 19.0 17.0 14.0
(28 day) (#1.0) (*15) (x1.0)0 (x1.5) (22.0) (£15) (+2.0) (2.0) (x1.0) (22.0) (¥2.0)
2.3.1 Preparation of mortar of 25°C + 1°C until the compressive and flexural

These materials were used to make a mortar (1/3)
with a W/C = 0.5, according to the standard EN 196-1
[19], with different percentages of cement replacement
by recycled concrete powder.

Procedure: Mix the standardized sand with the
cement to be tested and the water in the following
proportions: 450 + 2 g of cement, 1350 + 5 g of standardized
sand and 225 + 1g of water.

The quantities for all the components
summarized in Table 3.

The mix is made homogeneous by using the

are

equivalent binder by adding the recycled concrete
powder, it has been noticed that the
workability appears to decrease with the increase of

however,

the amount of fines on the recycled concrete, it started
to be noticeable after reaching 40% of replacement.
The mortar was filled into the molds using vibration,
with adjustments made based on the mortar’s
workability ensuring an effective compaction
of the specimens.

Once the mortar was ready, it was put into
40x40x160mm prismatic molds. The installation was
carried out by vibration. The samples were identified and
stored in a container filled underwater, at a temperature

strengths tests (7 and 28 days).

3 Results

The destructive tests, carried out on mortars
after the curing period, consist of studying the tensile
and compressive strengths of mortars, made without
and with different replacement level of recycled
concrete powder at 7 days and 28 days, according to
the standards. For defining the resistance classes of
mortars, to evaluate the contribution of additions to the
mechanical performance of mortars, the specimens (six
for each mixture) were drawn from the pans and tested
in bending and compression.

3.1 Effect of replacement share on mechanical
strength

The compressive, and flexural strengths of the
mortar, as a function of the addition replacement
percentage, are represented in Table 4 and Figure 4.

From the obtained results, it was observed that
within the range of 0 to 15% cement replacement with
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Table 5 Recycled concrete powder passing percentage depending on fineness size

Size (um) Passing (%)

800 95

500 80

315 70
250 60

160 50

125 40

80 25

recycled concrete powder, the optimal point lies in this
interval with very slight differences. It was also revealed
that from an economic standpoint, it could achieve up
to 20% or 25% replacement to at least maintain the
normalized resistances.

3.2 Effect of finesse size on mechanical strength

It is noticed that the manufacture of fines at 80 um
is quite difficult, and consumes enormous amount of
energy. That is why we tried to find the ideal fineness
size of the recycled concrete powder by varying the
fineness from 80 to 800 um, to preserve a maximum of
energy in the manufacture of fines, to be more profitable,
however, the fineness of the fines could modify the
properties of the mortars.

The recycled concrete powder in this experiments
result using the output collected after crushing and
grinding the same recycled concrete, the resulting
material shown after sieving a grading presented in
Table 5.

Then, the study was conducted about the effect of
the fineness of the used recycled concrete powder on the
mechanical resistance of the mortar. A mortar 1/3 with

W/C = 0.5 with 20 % replacement of cement by recycled
concrete powder, was made with different fractions of
the recycled powder: 0/80 um, 0/125 um, 0/160 um, 0/250
pm, 0/315 pm, 0/500 pum, and 0/800 pum. Table 6 presents
the results concerning the compressive strength at 7
and 28 days of mortar according to recycled concrete
powder fineness. Additionally, Figure 5 provides a more
elucidated illustration of the compressive strength
results at 28 days for the mortar based on the fineness
of the recycled concrete powder.

From results in Table 6 and Figure 5 it can
be observed that, for a fineness up to 160 pm, the
compressive strength remained consistent. It was
slightly affected and decreased marginally in the range
from 250 to 315 um. On the other hand, it is worth
noting that the strength becomes more affected with
fineness variations exceeding 500 pm.

3.3 Evaluation of water absorption
and the necessary correction

It has been noticed that the workability decreases
greatly, especially at the high replacement shares, so it
was decided to evaluate and quantify the water demand
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Table 6 The compressive strength of mortar according to recycled concrete powder fineness

Powder size (um)

80 125 160 250 315 500 800
Strength (MPa)
compressive strength 22.0 22.0 22.0 22.0 21.5 21.0 21.0
(7 days) (£2.0) (£2.0) (2.0 (£ 1.5) (£2.0) (£2.0) (£ 1.0)
compressive strength 27.5 27.5 27.5 27.0 27.0 26.5 25.0
(28 days) (£ 2.0) (£ 2.0) (£ 1.5) (£ 2.0) (£ 1.0) (= 1.0) (£ 1.0)
35
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Figure 5 The compressive strength of mortar according to recycled concrete powder fineness

Table 7 The effect of cement replacement by recycled concrete powder on water demand.

Replacement Water (%) Consistency value
share (%) over binder needle depth D (mm)
0 27 5
10 27 7
20 28 6
30 29 6
40 30 6
50 31 6
< 32%
E 31% =
= 30% =
S 29% =
g 28%
Eom
£ 26%
'—
25%
0% 10% 20% 30% 40% 50%

Replacement share %

Figure 6 The effect of replacement share on water demand
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Table 8 Concrete Mixture (kg/m?)

Materials Formulation A formulation B
Cement 875 700
Recycled concrete powder 0 175
Sand 0/4 900 900
Gravel 3/8 730 730
Water 245 254
Super-plasticizer 26 21
Gravel/Sand 0.81 0.81
Super-plasticizer/Cement 0.03 0.03
Water/Binder 0.28 0.29
Cement/Binder 1.00 0.80

using the Vicat device, equipped with its consistency
probe in accordance with the standard EN 196-3 [20],
to evaluate the necessary correction for the amount
of water. Table 7 and Figure 6 present the results of
experiments about the effect of cement replacement by
recycled concrete powder on water demand.

Indeed, the decrease in workability is depending
on the percentage of recycled content. Beyond 20%
replacement, it is necessary to make a water correction.

Based on observations, it appears that there is
a need for approximately 1% of additional water for
each 10% increase in cement replacement by recycled
concrete powder.

Although the increasing replacement of cement by
recycled concrete powder appears to causes a drying of
the fresh mixture, in which it requires an addition of
water for correction to maintain consistent workability,
it is noteworthy, based on visual observations, that this
adjustment does not affect the mixture’s homogeneity,
which remains intact and uniform.

3.4 Influence of recycled concrete powder
on concrete

A concrete is manufactured based on previous
formulations [21-24], so we applied an optimization
based on the interpretations of the previous results, in
this investigation. The goal was to achieve a concrete
mix with satisfactory workability and exceptionally
high strength, particularly in terms of compression
resistance. This iterative process involved adjusting the
key factors, such as the water-cement ratio, aggregate
properties, and the use of additives. The aim was to
develop a concrete mix that not only met, but also
exceeded the performance expectations.

Table 8 presents the basic mixture (Formulation
A) that was used it as a reference formulation, as
well as the mixture with the integration of recycled
concrete powder (Formulation B). In this formulation,
20% of cement “CEM I 42.5 N-SR 3” was replaced by

the recycled concrete powder and some parameters
were optimized as indicated. The sand used is a coarse
sand (0-4), clean, with a very high limestone content,
exceeding 95%. The gravel utilized is a 3-8 gravel with
a mass loss of less than 20% in the Micro-Deval test
[25]. These aggregates are recommended for use in the
production of high-performance concrete; and finally, the
super-plasticizer used is Sika® ViscoCrete®-4032 RMX.
The concrete mixing process was carried out during 15
minutes in a horizontal manner, for ensuring an optimal
mixing of the components.

Using the formulation provided in Table 8, has
led to a successful production of fluid concrete, which
appears stable and shows no initial signs of segregation.

3.4.1 Influence on the fresh state (spreading)

The workability of fresh concrete was tested using
Abrams cone, the flow of each formulation was measured
after 15 minutes of mixing. The results represent the
average of three tests for each formulation. The founding
are represented in Figure 7.

The observations indicate a slight reduction in the
workability of the concrete, while it still maintains its
ability to flow. This suggests that workability remains
manageable, and the concrete retains its fluid properties
when producing concrete with a 20% of cement
replacement by recycled concrete powder.

A remarkable variation regarding the flow has
been observed, which suggests that this concrete is
likely responsive to specific factors, including mixing
conditions, duration, and the moisture content of the
aggregates.

3.4.2 Influence on the hardened state
(compressive strength)

The evaluation of the compressive strength of
concrete was conducted on cubic specimens with side
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Figure 7 The effect of recycled concrete powder on concrete flow.
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Figure 8 The effect of recycled concrete powder on compressive strength
of concrete at 28 day

measuring 150mm at 28 day of cure; the presented
results in Figure 8 represent the average compressive
strength of six specimens for each mixture, to quantify
the effect of recycled concrete powder on compressive
strength of concrete at 28 day.

It is noticeable that the compressive strength was
not significantly affected, with only a minor variance
of approximately 2% observed, when incorporating the
recycled concrete powder. The concrete has effectively
maintained its robust compressive strength.

Furthermore, the examination revealed that the
concrete exhibited a wholly brittle breakage mode,
indicating that, in this formulation, the inclusion of
fibers is necessary.

4 Conclusions

From the results obtained, it is possible to assess to
what extent the recycle concrete powder is compatible
with cementitious matrices, therefore, the following
conclusions were drawn:

1. The mortars were prepared without and with

ranging from 5 to 50 % of the cement replacement by
recycled concrete powder; it has been found that, up
to 10 %, replacement had no adverse effects and the
concrete kept its properties well, and the effects are
acceptable, sometimes rather negligible up to a 20 %
of replacement share. However, beyond 25% we
observe a start of significant decrease of mechanical
properties.

2. Other mortars were prepared with 20% of cement

substitution by recycled concrete powder, varying
the fineness size of it; we found that for a fineness
up to 160 pum, the compressive strength remained
consistent. Then, it starts to become slightly affected
and decreased marginally in the range from 250 to
315 um. However, when the finesse exceed a 500 um
the strength becomes significantly affected.

3. For the water demand, it is necessary to make

a water correction from 20 % replacement, and this
correction must be around 1% of the binder mixing
water for each 10 % of additional replacement share.

4. After formulating a concrete mix by applying

optimizations deduced from previous results, we
were able to obtain fresh and hardened properties
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using recycled concrete powder approximately

similar to those of the reference concrete.

5. We conclude from these findings that in the
formulation of concrete using the recycled concrete
powder, the concrete can effectively maintain its key
characteristics and essential properties, particularly
in terms of workability and compressive strength.
This is applicable even to high-performance
concrete, as well.

6. From an economic stand point, replacing 20% of
the cement quantity, which is notably expensive, by
recycled concrete powder, obtained at a minimal cost
during the manufacturing of recycled aggregates,
proves to be highly advantageous. This approach
can offer substantial economic benefits in addition
to its environmental advantages.

Based on these conclusions, it can confidently be
asserted that substituting a portion of the cement
with recycled concrete powder can be done effectively,
all while preserving the fundamental properties of the
standard concrete. This sustainable practice not only
reduces the demand for new cement but contributes to
environmentally friendly construction methods, as well.
The use of recycled materials in concrete production is an

essential step towards achieving greater sustainability
in the construction industry.
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Resume

Accident prediction models are mathematical expressions or algorithms
used to determine the causal factors for road accidents and road safety
engineers are using these models, as well. Modelling this kind of accident
is quite challenging and required good quality of data. The results of the
artificial neural network model, Gaussian processes model, and support
vector machine model are compared for vulnerable road accident frequency
in this study. The accident frequency dataset comprises 218 records, with
146 designated for training purposes and 72 reserved for testing. The
model’s accuracy was contingent on: the mean absolute error, root mean
square error and coefficient of correlation. The findings suggest that for
predicting the vulnerable road user accidents on roads, the artificial neural
network gives better correlation results as (0.912) that the support vector
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1 Introduction

Almost 400 million trucks and 1.1 billion cars were
driven globally in 2015. It is anticipated that 800 million
trucks and 2 billion cars would be driven worldwide in
2040 [1]. The increase in vehicular population causes
an increase in accidents worldwide, as well as in India.
According to Road accidents in India, there has been
an alarming annual increase in accidents of 11.9% and
a rise in fatalities of 9.4%. These road safety issues
in India have been a major concern, and accidents
involving vehicles and vulnerable road users (VRUs)
are unfortunately common [2]. The VRUs include
pedestrians, cyclists, and two-wheeler riders. Several
factors, including road characteristics, traffic-related
variables, environmental factors, speed characteristics,
etc., influence the vulnerable road user (VRU) accidents.
Since the VRU road accident data is discrete and non-
negative, it mostly counts data models used in accident
frequency modelling (i.e., the number of accidents on
a specified section in known time duration). Various
data sets were collected from roadside geometry and
first information report (FIR) data collection to estimate

the accident frequency. The random division method
divides the entire dataset into two parts per the study’s
requirement. For this study data set was collected on
about 364 kms of road length, including different national
highway and state highways of Haryana a northern state
of India. The roads are then divided into sub-sections
based on other geometric data. Two hundred eighteen
accident frequency records were divided into two parts.
Out of these, 146 samples were used to create the model
(training set), and 72 samples were used to test the model
in the study. Traditional methodologies are employed
using the assumed analytical equations to evaluate the
impact of various road geometries and accident-related
factors, and conducting regression. Nonetheless, those
methods prove challenging to apply, and the existing
literature offers no completely accurate predictions for
vulnerable road user accidents. The flowchart of this
investigation is shown in Figure 1. Figure 2 represents
the online portal of the Haryana police accident recording
application. This portal is used to extract the VRU
accident-related information. This portal requires the
year, district and police station as input data and then
provides the complete details of every accident.

© 2024 UNIVERSITY OF ZILINA
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2 Literature review

Various artificial intelligence techniques, including
Gaussian processes (GP), support vector machines (SVM),
artificial neural networks (ANN), random forest (RF),
adaptive network-based fuzzy inference system (ANFIS),
M5P model trees, have gained significant popularity
and widespread utilization among researchers in
different fields [3-5]. Many of these studies suggest that
artificial intelligence techniques exhibit considerably
high accuracy. Numerous researchers employed the
M5P model tree, artificial neural network, random
forest model [6-8], with these approaches yielding the
best-suited results. This research aims to predict the
total VRU Accident frequency by comparing it using GP,
SVM, and ANN methods. The recent scenario suggests
that the frequency of vulnerable road accidents depends
on many variables. Various researchers considered the
road parameters and accident characteristics to impact
accident frequency [9-11]. Those parameters may be the
road width, shoulder width, length of section, traffic,
median opening, service road, commercial units, etc.
Nowadays, different studies are conducted to evaluate
the effect of other variables length (L), Shoulder width
(SW), road width (RW), median opening (MO), median

assess (MA), average daily traffic (ADT), service road
(SR) etc. on accidents and the impact of accidents [12-
16]. In this study the SVM, ANN and GP models were
applied using Waikato Environment for Knowledge
Analysis, version- 3.9.5 software. The present study
meticulously applies various advanced soft computing
techniques to address the critical issue of predicting
vulnerable road user accident frequency (VRUAF).
These innovative and adaptive methodologies, rooted in
artificial intelligence and data analysis, offer a dynamic
and flexible approach to tackling the complex challenges
of road safety for VRUs. The diverse set of soft computing
techniques employed in past research includes [15].

2.1 Artificial neural network

This study uses an Artificial Neural Networks
(ANN) Model to predict the accident frequency
involving vulnerable road users. The architecture of
an ANN, designed for vulnerable road user accident
severity prediction; typically involves multiple layers
of interconnected neurons is used [17-18]. The input
layer receives relevant features, such as average daily
traffic (ADT), Length of section, shoulder width, vehicle
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Figure 3 Nomenclature of ANN model

speed, time of day, and more. Hidden layers, which can
be customized in depth and width, process these inputs
to learn intricate relationships and patterns within
the data. These layers of the ANN are responsible
for processing the input data through a series of
weighted connections and non-linear activation
functions. Different models were generated through
experimentation and optimization to achieve the best
predictive performance by changing neurons and the
number of hidden layer neurons. Various ANN models
were generated with different hidden layers and training
times to get better results. Neurons in the hidden layers
apply mathematical transformations to the input data
to capture complex combinations of input variables.
The output layer of the ANN provides the predicted
output, which in this study is the estimated frequency
of VRU accidents. Typically, there is a single output
node for the regression tasks like accident frequency
prediction. The output value represents the predicted
accident frequency. Following the establishment of the
optimal architecture, the dataset comprising a total of
218 accidents should be segregated into two distinct
subsets. The first set is for training the network, and the
second is exclusively reserved for testing the network’s
performance. In this study the complete accident data is
divided into two parts, i.e., the training set and testing
set. Firstly, using 70% of the total data, the model is
trained using all the parameters for various correlation
coefficient (CC) values. The same trial is to be performed
many times by changing the neurons in hidden layers.
The remaining 30 % of the data is utilized to validate the
developed model in terms of the best-suited CC value.
Figure 3 represents the working of the ANN model with
different input variables and hidden layers. Various
combinations are formed with different hidden layers,
and the best suited model is considered as the result of
the ANN model.

2.2 Support vector machines
Regression using support vectors and classification

techniques from statistical learning theory are known as
support vector machines. The ideal separation of classes

is the foundation of classification techniques based on
the support vector machines. This approach chooses
the linear classifier that minimizes the generalization
error, or at least an upper bound on this error, resulting
from structural risk minimization, from an infinite
pool of potential classifiers, provided that the classes
can be distinguished from one another. As a result, the
hyperplane that leaves the greatest margin between
the two classes will be chosen; according to Cortes and
Vapnik (1995), the margin is the total of the hyperplane’s
distances from the points closest to the two classes [19].

2.3 Gaussian process

One easy to understand and popular family of
probability distributions on functions is the Gaussian
process (GP). Viewed in this broad context, scholars have
researched and employed many varieties of Gaussian
processes. However, this focuses on the more focused
use of Gaussian processes to predict. Distributions over
functions are represented by a Gaussian process using
training data and testing data. We have a training data,
T= {Ab}, where, A= {a, a,, a,, ..... a } matrix have x, as
input examples, and b = [b,, by, b,, b,........... b_ ] vector
have b, as training output. Training data T = {A,b} with
the input test as z* [20]. Where the input vectors of test
set matrix are, z* = [z,,......... z |

n

The following equation gives the overall observations:
P.=f(z)+e, (D

where the P, is used to predict the results using testing
data set. Function f(z) is the function/parameters used
to prediction and variance and mean zero is taken as ¢
in the equation.

2.4 Details of Kernel functions

The kernel function concept was proposed on data
to simplify it into a higher dimensional feature involving
non-linear decision surfaces. Without actually doing
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Figure 4 One of the Study areas for Accident and road geometry data collection

Table 1 Description of model variables for accident frequency and severity modelling

Descriptive Statistics

N Minimum Maximum Mean Std. Deviation

ADT 218 4127 105673 26913.92 30558.705
Ln ADT 218 8.325 11.568 9.7678 0.853
L 218 T 19.0 5.442 3.589
Ln L 218 -0.356 2.944 1.455 0.745
RW 218 5.5 28.0 13.115 7.062
SW 218 0 6.0 2.349 1.741
Median Width 218 0 4.50 .6709 1.017
Minor Access 218 0 24 8.47 5.989
HC 218 0 18 4.96 4.784
vC 218 0 6 1.44 1.505
MO 218 0 11 4.39 2.996
SR 218 0 4.50 1.406 1.133
CAR % 218 31.330 73.290 49.608 12.000
TRUCK/HV % 218 11.23 44.68 19.837 8.563
Commercial Units 218 47 11.57 11.539
Band C 218 22 3.57 4.849
SPEED 218 20 110 65.47 21.147
A/Yr 218 1 32 10.26 6.981

Where L = Length of section (km); LnL = Log of Length of section; ADT = Average Daily Traffic; LnADT = Log of Average
Daily Traffic; SW = Shoulder Width; RW = Road Width; MO = Median Opening; MA = Minor Access; MW = Median Width;
HC = Horizontal Curve; VC = Vertical Curve;

C % = Percentage of cars; T % = Percentage of Truck; B & C = Bridge and Culverts; A/yr = Accidents per year; SR = Service Road.

COMMUNICATIONS

2/2024

VOLUME 26



ESTIMATION OF VULNERABLE ROAD USER ACCIDENT FREQUENCY THROUGH THE SOFT... E5

calculations in a high-dimensional feature space, any
selected model can operate there because of a kernel
function. The selection of appropriate kernel parameters
is crucial and often involves hyperparameter tuning
to optimize the model performance. A kernel function
provides a way to measure the similarity or dissimilarity
between the data points and is a key component
in many machine learning models, enabling them to
operate effectively in higher-dimensional spaces without
explicitly computing the transformed feature vectors.
A mathematical function is a kernel function, and any
symmetric positive semidefinite function that meets
Mercer’s requirements can be utilized as a kernel
function, according to Cortes and Vapnik (1995) [19].
Several kernel functions are available, but selecting
the one that provides the optimum generalization with
a particular dataset might be challenging. The selection
of kernel should be as per requirement for the underlying
structure of the data. Cross-validation and other model
selection techniques are often employed to determine
the best kernel for a specific problem. The correlation
coefficients (CC) and Root Mean Square Error (RMSE)
were examined to determine the best selection of these
factors. Different models were created using the input
dataset as a training set to forecast the VRU accident
frequency. The regression model’s accuracy is estimated
through testing. In the current study, the effectiveness
of different models in predicting the efficiency of the
VRU accident frequency was evaluated using the
correlation coefficient, R2, and the root mean square
error (RMSE).

3 Method and materials

Data were derived from several resources, including
the Harsamay portal of Haryana Police, field visits, the
PWD department, toll plaza, etc. Data was collected for
accidents and road-related elements, as shown in Figure
4. The range of accident frequency lies between 0 and 32
at the single road starch. The complete VRUAF dataset
comprises 218 data sets divided into training and testing
set. The descriptive statics of input and output variables
are shown in Table 1. The minimum, maximum, mean

Table 2 SVM model results using different Kernel Function

and standard deviations are given for each parameter
used in the study.

4 Result and discussion

Different models were developed using the collected
VRU accident data set to predict the accidents with other
influencing parameters. The first and most efficient
ANN model is applied by changing the hidden layers
from 1 to 5. The different CC, RMSE, and MAE values
are calculated for each model approach. The best-suited
highest value is taken as the final for three numbers of
hidden layers.

4.1 Support vector machine model results

The training and testing sets included 70 % and 30 %
of the entire data set, respectively. Several manual trials
were performed for the SVM using different Kernel
Function based model development. The results in the
form of performance evaluation parameters (CC, RMSE,
and MAE) are listed in Table 2 for both the training and
testing stages. Different models were generated with
the help of a training data set of vulnerable road use
accidents. After the model development, the same model
was applied to the testing data set for evaluating their
performance. The conclusions provided in Table 2 show
that the Pearson Vii kernel function based SVM model
exhibits better results than all the other applicable
models. Specifically, the training stage values of CC,
RMSE, and MAE are 0.9064, 0.0820, and 0.2586, while
the testing stage values are 0.8795, 1.5630, and 2.3681,
respectively. The agreement plot between the actual
and predicted VRU accident frequency values using the
SVM_puk model for the testing stage is shown in Figure
5. All predicted values lie closer to the line of perfect
agreement (1:1) line.

Figure 5 shows the plots illustrating the actual
VRUs accident frequency distribution and predicted
values of the VRUs accident frequency using the SVM_
puk model. The representation of this figure evidently
demonstrates that the SVM_puk-based model predicted

SVM
S.No Kernel Function TRAINING SET (146) TESTING SET (72)
Correlation Mean Root Mean Correlation Mean Root Mean
Coefficients Absolute Square Error  Coefficients Absolute Square
Error Error Error
1 SVM_ 0.8728 1.1214 1.5581 0.8589 1.4434 1.9114
RBFKernal
SVM _Puk 0.9064 0.0820 0.2586 0.8795 1.5630 2.3681
SVM_ 0.8475 1.3485 1.8149 0.8326 1.5821 2.4245
PolyKernel
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Figure 5 Variation in scatter values with the actual values of the VRUAF's using SVM Model
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Figure 6 SVM Model variation in actual and predicted VRUAFs values

closer values to actual VRUAFS’ values in comparison to
the other models. The VRUs accident frequency using
the SVM Model with actual and predicted values are
shown in Figure 6.

4.2 Artificial neural network model results

In this study, the architecture of an ANN designed,
for vulnerable road user accident frequency prediction,
typically involves multiple layers of interconnected
neurons.

The table 3 indicated the results with different
hidden layers keeping the training time constant using
ANN Model approach. The training time was taken as
1000 for each model formulation. Various models were
generated using the value 0.2 of learning rate and 0.1
of momentum. Then, the same model was applied to
the testing data set, and the results are given in Table
3. The same procedure was repeated for all five ANN

models by changing the hidden layers, and results were
calculated in terms of CC, RMSE, and MAE. The best
value of ANN-4 is considered in terms of CC, RMSE, and
MAE values are 0.9245, 1.458, and 1.123, respectively
for the training set. The final ANN-4 model was used for
further comparison with other modelling techniques in
terms of these three performance indicators for VRUs
accident frequency data. The scatter diagram of the
actual and predicted VRU accident frequency values
using the ANN-4 model in the testing dataset is shown
in Figure 7. Figure 8 represents the predicted and actual
VRUAF values with the help of the ANN Model.

4.3 Gaussian processes model result

Model development of GP is similar to SVM based
model development. The results for training and testing
data sets of various kernel function based GP models
in for CC, RMSE, and MAE are listed in Table 4. The
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Table 3 Results of neurons-based ANN models

ANN Model
S.No Model No of TRAINING SET (146) TESTING SET (72)
neurons Correlation Mean Root Correlation Mean Root Mean
in hidden Coefficients Absolute Mean Coefficients Absolute Square
Layer Error Square Error Error
Error
1 ANN-1 1 0.834 1.183 1.516 0.802 1.245 1.987
2 ANN-2 2 0.878 1.041 1.383 0.852 1.396 1.799
3 ANN-3 3 0.912 0.947 1.252 0.904 1.337 1.741
4 ANN-4 4 0.924 1.124 1.458 0.912 1.198 1.799
5 ANN-5 5 0.895 1.585 1.651 0.860 1.685 1.854
ANN-4 Model
_ 35
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-
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P .
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Figure 7 ANN-4 model results for predicted and actual values of VRUAF
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Figure 8 ANN model comparison of predicted and actual values of VRUAF

results of Table 4 demonstrate that the Pearson Vii
kernel function-based GP model performs the best
out of all the applied models. Its CC, RMSE, and
MAE values are 0.885, 1.231, respectively, and 1.650
during the training stage and 0.853, 1.807, and 2.963,
respectively during the testing stage. The performance
of the Polynomial kernel function based GP model is

better than the radial basis kernel function based GP
model in terms of CC, RMSE, and MAE values are 0.853,
1.610, and 2.058, respectively for the training stage, and
0.839, 1.915 and 2.710, respectively for the testing stage.
The agreement plot between the actual and predicted
values of the VRUAFs using the GP_puk model for the
testing stage is shown in Figure 9. All the predicted
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Table 4 Results of Gaussian Processes using different Kernel Function

Gaussian processes

S. No Kernel Function TRAINING SET (146) TESTING SET (72)
Correlation Mean Root Correlation Mean Root Mean
Coefficients Absolute Mean Coefficients ~ Absolute Square Error
Error Square Error
Error

1 GP_RBFKernal 0.820 3.130 3.914 0.853 3.350 4.666

2 GP_Puk 0.885 1.231 1.650 0.853 1.807 2.963

3 GP_PolyKernel 0.853 1.610 2.058 0.839 1.915 2.710

M actual M predicted

Predicted Accident

Lol |
o T CEA R L A L L e YR
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Figure 9 GP Model comparison of actual and predicted values of VRUAF
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Figure 10 Variation in scatter values with the actual values of the VRUAF's using the GP Model

values lie closer to the line of perfect agreement (1:1) 5 Comparison of selected artificial neural

line. Figure 10 plots illustrate the distribution of actual network model, Gaussian processes model,
VRUs accident frequency and predicted values of the and support vector machine models

VRUs accident frequency using the GP_puk model. The

representation of this figure demonstrates that the GP_ Table 5 summarizes the outcomes of the best

puk based model predicted the closer values to actual selected ANN, SVM, and GP models. The results of
VRUs accident frequency values than the other models.  this table indicate that the ANN-4 model was the most
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Table 5 Performance evaluation parameters for different modelled VRUAF

Training Testing
Techniques cc RMSE MAE cc RMSE MAE
ANN-4 0.924 1124 1.458 0.912 1.198 1.799
SVM_puk 0.906 0.082 0.258 0.879 1.563 2.368
GP_Puk 0.885 1.231 1.650 0.853 1.807 2.963
35
e Actual  e—SVM_puk  s— ANN-4 GP_puk

30
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20

15

10
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Figure 11 Variation of the predicted values with the actual values of the VRUAF's using the SVM Model,
GP Model, and ANN Model
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Figure 12 Variation in scatter values with the actual values of the VRUAF's using SVM Model,
GP Model, and ANN Model

suitable model for accurately predicting the VRUAF
with notably low CC and considerably high RMSE and
MAE values.

The SVM Model, GP Model, and ANN Model
comparison using actual and predicted VRUAF is shown
in Figure 11. The ANN Model appears to be the best
fit for predicting the VRUAF. The ANN-4 model lines

for predicted values follow the same path as the actual
values. The SVM, GP and ANN based best performing
models are shown for actual and predicted VRUAF
values in Figure 12. This figure illustrates that ANN-4
model points are much closer to the agreement line.
Hence, the ANN-4 is the best performing model among
all other applied models using this data set.
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6 Conclusions

This investigation has assessed the performance of
three regression-based modelling approaches to provide
insights into the most suitable methods for predicting
VRU (Vulnerable Road User) accident frequency. These
approaches were ANN, SVM, and Gaussian Processes.
This study employed various combination models as
input variables, with VRUAF as the output. The ANN-4,
SVM_Puk and GP_Puk model approach demonstrated
exceptional efficiency when used with the ANN, SVM,
and Gaussian Processes. According to the analysis, the
ANN technique predicts the VRUAF more accurately
than the GP and SVM. The R values for testing VRUAF
data set come from the ANN approaches (0.904) are
higher than GP (0.8539) and SVM (0.8795).

Similarly, the ANN model having values of RMSE
and MAE (1.337 and 1.741) are much lower than the
GP Model (1.807 and 2.963) and SVM model (1.563
and 2.368). Hence, ANN gave a more accurate VRUAF
prediction than the GP and SVM models. Sensitivity
investigation suggests that the most influential
parameters in predicting vulnerable road user accident
frequency, using the ANN model with the current data
set, are LnL, LnADT, and Speed. Hence, the proper care
should be taken when considering these parameters.
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