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Abstract

The purpose of this thesis is to study wear resistance of wheel-rail contact materials of
Manganese steel and Pearlite steel. The wheel-rail contact is a critical interface in the railway
technology and study of failures in most railways may cause due to wear of wheel-rail contact
surfaces. Application of this thesis is on railway technology in the specific area of Addis Ababa
Light Rail Transit. It is a new railway technology in Ethiopia. So researches on this area are

needed to identify the existing problems and to avoid such problems from the start.

The method of this thesis is numerical and analytical analysis of wear resistance of Manganese
and Pearlite steels. Based on this method wear and wear resistance of wheel-rail contact

materials are evaluated.

Using the results of wear and wear resistance of Manganese Steel (current material of Addis
Ababa Light Rail Transit) is compared with Pearlite Steel (new material). Since, wear volume of
Manganese steel and Pearlite is 0.00169 m*® and 0.00141m?® respectively at maximum load and
maximum distance traveled and wear rate value of Manganese steel is 0.00000335 m®m and
Pearlite steel is 0.00000205m*/m. On the other hand wear resistance value of Manganese steel
and Pearlite steel is 3.98¢°> and 4.88¢> m/m® respectively. And also wear index value of
Manganese steel is 1846.43 and 1599.97 for Pearlite steel. Results of this wear analysis shows
that there is less amount of wear volume, wear rate and wear index in Pearlite steel than
Manganese steel. On the other hand wear resistance of Pearlite steel has higher than Manganese

steel. Finally, this thesis verified that Pearlite steel is better in hardness than Manganese steel.

Key words: wheel-rail contact; wear; wear resistance; hardness.
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CHAPTER ONE: INTRODUCTION
1.1. Background

The wear at the wheel-rail interface is a critical problem in railway field. Railway transportation
IS a very important transportation system in worldwide transport and has several advantages on
motorway transportation from the view point of environmental impact [1]. Wear can be defined
as the surface damage or the removal of material from solid surfaces by mechanical action and it
is a natural phenomenon that exists when two bodies are in contact. Wear can appear in many
ways, depending on the material of the interacting contact surfaces, the operating environment
and the running conditions [2]. On the other hand, wear occurs in many ways. Such as due to
rolling/sliding contact, contact of a particle with solid materials and repeated (cyclic) contacts of
materials and this is true for the wheel and rail of a railway vehicle. This type of wear is mainly
dependent on the type of materials used in the wheel-rail surface [3]. Therefore, to know these
losses of materials, wear resistant of material properties are analyzed. These analyses also helps
to get better understanding of materials that have the resisting capacity of loads and stresses at

different points of wheel-rail contact surface.

A large body of empirical data has been collected and some phenomenological models have been
developed on wear of materials. The first experimental investigations of wear have been carried
out by Hatchett (1803) and Rennie (1829). In our days, experimental tests of wear intensities of
materials belong to standard measurements of mechanical properties of solids. Contacting
elements of structures are very common in technology. Many mechanical devices and
mechanisms are constructed with the aid of component parts contacting one with another. Loads,
motions and heat are transmitted through the contacts of structures. Friction and wear accompany
any sliding contact. Nevertheless, it is difficult to predict and to control wear of rubbing elements
i.e. wear cannot be totally prevented [4]. It has been widely acknowledged that railway wheels
and rails suffer surface damages such as wear and rolling contact in service process of wheel/rail
interaction. Although rail/wheel lubrication and material improvement have considerably
decreased the wear rate of both elements, wear may be still a comparatively great problem [5].
The life of railway wheels is usually limited by wear. The wheel surface is subjected to high
normal and tangential contact stresses. Contact forces change magnitude and orientation as the

wheel travels over the rail curves, crossings and local surface perturbations. This constantly
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changing contact patch moves over the wheel tread and to a certain extent of the flange. The
contact between wheel and rail is nominally rolling but a small amount of local sliding takes
place at the interface. The amount of sliding depends on the contact patch geometry, normal
force, lateral force and friction coefficient [6].

In many well lubricated contacts adhesion between the two surfaces is negligible, yet there is
still a significant rate of wear. This wear is caused by deformations sustained by the asperities
and surface layers when the asperities of opposing surfaces make contact. Contacts between
asperities accompanied by very high local stresses are repeated a large number of times in the
course of sliding or rolling and wear particles are generated by fatigue wear. When an elastic
body, such as a wheel, is pressed against another elastic body, such as a rail, so that a normal
load is transmitted, a contact area is formed. The wheel and rail contact interaction are mainly
affected by geometry of the bodies, inputs of material parameters and applied loads [7-9].

There are different lists of materials for the rail and wheel of a train, which have been discovered
by different researchers. All these materials are steel based but with different hardness, grain
structure and other mechanical properties. We can select high wear resistance materials like
pearlite steels or by taking material combination of wheel & rail; ER7 for the wheel and 60E1 for
the rail. These materials are recently used in Europe [10]. The main idea of this study is to know

the cause of wear in the wheel-rail contact and evaluate the wear resistance.

Stress in wheel-rail contact is the key to understand and predict the damage mechanisms of
wheel and rail. According to Journal of Ekberg(2014) “The contact between wheel and rail
generates stresses which leads to wear of materials”. Therefore, it is necessary to investigate
stresses in wheel and rail contact. The contact section between the rail and rail road wheel are

extremely stressed due to load of vehicles and passengers [11].

1.2. Statement of the Problem

Wheel and rail are always in contact which leads to wear of materials. Wear has a significant
effect on wheel and rail components in the case of AALRT. The wheels are promised to serve
more than 5 years depending on the track design and operational conditions. Therefore, better
wear resistant materials of wheel-rail contact surfaces are needed to achieve this wheel service.

So, in this study wheel-rail contact materials of AALRT are used to make wear analyses. This

AAIT School of Mechanical and Industrial Engineering, 2020 Page 2
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thesis focuses on analysis of wear resistance of wheel-rail contact materials. Wear analysis of
wheel and rail components will help to minimize wheel/ rail maintenance costs, improve safety
and life-cycle matters.

According to wheel data measurements of AALRT in 2016, the wheel diameter is reduced from
660mm to 656.8mm and the flange thickness is reduced from 21.21mm to 16.36mm.

Figure 1.Wheel of AALRT vehicle

1.3. Objectives

1.3.1. General Objective

Analyzing wear resistances of wheel-rail contact surface materials in the case of AALRT.

1.3.2. Specific Objectives

» To study wear resistance of the wheel-rail material (Mn-steel and Pearlite steel)

* Model wheel and rail components using SIMPACK software

» Generating creep forces and creepages using SIMPACK software

» Determine the wear number, wear volume, specific volume of material removed, wear
rate and the wear resistance of materials

» Compare Manganese steel and Pearlite steel materials based on wear and wear resistance
results.
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1.4. Scope and Limitations of the Study

1.4.1. Scope of the Study

This thesis is focused on studying wear resistance of wheel-rail wear materials by using collected
data, studying about the wheel-rail contact materials, modeling wheel-rail pair of a train using

SIMPACK software and wheel-rail wear is analyzed through numerical and analytical methods.

1.4.2. Limitations of the Study

An important consideration that has supposed to be addressed but not considered in this work is:

- Laboratory tests of wear of wheel/rail materials are not possible to perform due to
absence of wear test machines like pin on disk wear test machines.

- Effect of temperature, wind, aerodynamics and vertical elevation or gradient resistance
force are not considered in the current study but they influence on wheel/rail vehicle

dynamics and it is another engineering problem which needs to be studied.

1.5. Significance of the Research

This study helps to identify the problems that are resulted from rolling/sliding wear of wheel/rail
and analyzing the wear resistance of materials for Addis Ababa Light Rail Transit. These will
also help for Ethiopian Railway Corporation to promote safety issues that are related to wear of
wheel and rail components. Furthermore, this thesis contributes to decrease the number of
incidents related to this component failure, increasing life time of wheel and to reduce
maintenance costs. In addition, it is also a supporting document for a research on the title.
Therefore, it will help as a reference for further study in the area of the above mentioned title. So

as it will be a good guide for further researches.

1.6. Organization of the Paper

This thesis consists of five chapters. The first chapter is introduction and deals about background
of the study, statement of the problem, objectives, scope and limitations, organization of the
paper and significance of the study. While the second chapter provides a review of literatures
related to this paper. The third chapter deals about analytical methods and conditions. Results
and discussions are discussed in the fourth chapter. Finally, the fifth chapter deals about

conclusion, recommendation and future work related to this study.
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CHAPTER TWO: LITERATURE REVIEW

2.1. Wheel-Rail Contact Surface of the Railway System

The contacting bodies of the railway wheel-rail system are in continuous rolling motion [3]. In
the contact zone between railway wheel and rail; the surfaces and bulk material must be strong
enough to resist the normal (vertical) forces introduced by heavy loads and the dynamic response
induced by track and wheel irregularities. The tangential forces in the contact zone must be low
enough to allow moving heavy loads with little resistance, at the same time the normal loads
must be high enough to provide traction, braking and steering of the trains. The contact zone
(roughly 1 cm?) between a railway wheel and rail which is small compared with their overall
dimensions and its shape depends not only on the rail and wheel geometry but also on how the
wheel meets the rail influence, i.e. lateral position and angle of wheel relative to the rail. So the
small contact area needs to transfer a very high axle load, causing very high contact pressure
[12].

Wheel-rail contact is a critical issue with respect to safe transportation by reducing vibration and
noise sound. This phenomenon has been extensively investigated in the last decades. Since the
wheel-rail contact is an open system, which is strongly influenced by wear of materials.
Therefore, a great deal of research was focused on wear of materials under various contact
conditions [14]. From the start, the wheel-rail contact has been of crucial interest to railway
engineers. In fact, the mere idea of reducing the traction interface to a small area by using harder
materials such as steel is at the core of what separates the railway from road transport [15]. The
contact zone must be small compared with the overall dimensions and its shape of the wheel and
rail. The contact zone size and shape in the wheel and rail contact has been estimated from the

Hertz theory of elliptical contact [16].

Now a day, there is a high demand of railway transportation systems in Ethiopia for a short and
long distance transport of passengers and goods. The new rail network in Ethiopia and the
railway track must show the necessity of an efficient management of railway systems. The
design must aim toward reducing costs and increasing safety, as well as reliability of the railway
systems. The wheel/rail interface is one of the most crucial points that must be checked to
determine the performance of a train and consider its safety. After having a built up of trains
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with a relevant rail track systems, there is a periodic maintenance schedule. Due to the
applications of different load cycles, relative rolling/sliding motion of wheels on rail tracks,
inappropriate geometrical fitness of wheel/rail contact profile and some other factors the
maintenance schedule mainly concerns about the wheel/rail interaction systems. The contact

between wheel and rail is the basic constitutive element of railway vehicle dynamics.

Figure 2.Rail, wheel and contact frames [17]
Since wheel-rail contact is always a hot topic for railway vehicle dynamics researchers and
wheel-track maintenance engineers. Contact is the principal method of applying loads between
deformable solids, and therefore is present in a wide variety of mechanical components. In
addition, contacts usually act as stress concentrations, and are thus probable locations for
mechanical failure. Contact stresses developed during the pressing action of two bodies’ needs
careful attention. Since occurrences of such forces are very frequent. Gears, Ball-and-Roller
bearings, wheel on rails etc. are familiar examples. Considering the gears, ball & roller bearings,
when two bodies with curved surfaces come into contact without any pressure or forces between
them, the geometry of contact is in general either a point or a line. But in the case of rail - wheel
system, the contact area between rail and wheel is elliptical. The contact elliptical area is small
so stresses developed will be higher. For the simplest model to calculate the stresses, one uses
the Hertz Theory and evaluates the effect of the weight only. The theory governing the wheel/rail
contact is Hertz theory. This theory describes the fact that when two solid materials are

compressed to each other by vertical loads, their contact area is formed [18].
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2.2. Damage Mechanisms of Wheel and Rail Components

Damage mechanisms such as wear and plastic deformation are the main contributors to profile
change. The profile change of rails on curves makes a large contribution to track maintenance
cost. And the profile change on wheels can also be significant, especially on a curved track. In
Europe, there are more than one hundred broken rails each year due to rolling contact fatigue. In
1995, rail maintenance costs within the European Union were estimated to 300 million Euros

annually [12].

Excessive wear can affect the dynamic behavior of the railway vehicle and reduce ride comfort;
impact upon the potential for derailment and reduce the integrity of the wheel material. The
rolling contact of a wheel on a rail is the basis of many rail-wheel related problems including the
rail corrugation, wear, plastic deformation, thermo-elastic-plastic behavior in contact, fracture,
creep and vehicle dynamics vibration. Therefore, it has attracted a lot of researchers to various

railway networks [22].

Rolling contact between wheel and rail can be affected by factors such as type of materials, train
speed, loading, wheel/rail profiles and the reaction of the track components. Due to rapid
developments in technology the performance of railway vehicles has improved significantly [24].
Assessment of contact stresses at the wheel-rail interface poses a very important issue in a study
of rail-wheel contact phenomena. It is important to understand here that rail-wheel contact pair‘s
profile radii change with time and wear. The way steel wheel meets the steel rail and size of the
forces transmitted into contact zone influence various damage mechanisms like, wear and
surface cracking. The wheel load is transmitted to the rail through a tiny contact area under high
contact stress. This results in repeated loading above the elastic limit which leads to plastic
deformation. The depth of plastic flow depends on the hardness of the rail and the severity of the
curves [25]. The parameters that affect wear are loads, speed, time, temperature, contact type,

type of environment and so on [26].

2.3. Rolling/Sliding Wear of Wheel-Rail Contact Surface Interaction

The life of railway wheels is usually limited by wear. The removal of material from the surface
by wear is a function of the sliding and contact stresses. The wheel surface is subjected to high
normal and tangential contact stress. Contact forces change magnitude and orientation as the
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wheel travels over the rail curves, crossings, and local surface perturbations. This constantly
changing contact patch moves over the wheel tread and to a certain extent the flange. The wheel-
rail contact is nominally rolling but a small amount of local sliding takes place at the interface.
The amount of sliding depends on the contact patch geometry, normal force, lateral force and

friction coefficient [5].

In the wheel-rail contact, rolling and sliding appear simultaneously in the contact zone. In
curves, the wheel flange may be in contact with the gauge corner of the rail, resulting in a large
sliding motion. The contact zone can be divided into two regions: stick region (no relative
sliding) and slip region [27]. Sliding or rolling wear do not specify any wear mechanisms, but
refer to the types of contact between two surfaces in relative motion. Instead numerous types of
material removal mechanisms may appear in these types of contacts. Surface damages or wear
based on adhesion or on surface fatigue are common, but also grooving by surface asperities, i.e.,
abrasion, tribochemical wear types and other mechanisms are possible. Nevertheless, wear and
friction in sliding and rolling contacts are naturally of great interest because of their common
occurrence in many machine elements. Therefore, numerous tests for sliding and rolling wear

evaluations have been produced [28].

Wear is one of the common destructive phenomena which generally affect the performance and
lifetime of wheel-rail contact surfaces [29]. The likelihood of railway wheel wear occurring is
rising; this is as a result of new specifications imposed on railway wheels that are leading to an
increase in the severity of the wheel/rail contact conditions. It is important that the wheel wear
process can be modeled, as this enables improvements to be made to wheel design and materials
in order to keep wear at a minimum. Excessive wear needs to be avoided as this can affect the
dynamic behavior of the railway vehicles, which will reduce the ride comfort, augment the cost
for maintenance and replacement of wheels, increase the vehicle-track interaction forces that
may have an impact upon the potential for derailment, and reduce the integrity of the wheel
material [30].

Although wear appears in the title of the conference series, there has been relatively little said
about the subject. Gage face wear of rails and flange and tread wear of wheels are still important
economic issues. Even with the most diligent attention not all rails in curved track are lubricated

effectively all of the time. While rail head height loss by wear has become less of an issue for
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railroads that grind aggressively, not all railroads grind this way, and wheel treads still hollow
out. There is a case to be made for a serious study of head tread wear, purely on economic
grounds, but much of the recent work on wear has focused on the rail gage face. Different
approaches have been taken to develop insight into the wear of wheels and rails. Reiner and
Staplin observe that their equation predicts exponential increases in rail wear for wheel loads

above 23 000 Ibf. This stems from the adoption of an equation for rolling contact fatigue life of

ball bearings as a function of load as their relation between wear life and wheel load [31].

Figure 3.Wheel / rail contact [32]

The contact between the wheel and rail of railway vehicle causes damage on the wheel threads,
flange and the surface of the rails. One point to note here is that the wheels are always in contact
with the rail but the rail is free of contact once the vehicle passes. Due to this, the wheels become

worn out before the rails [33].
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All wear rate ranges can be subdivided into three wear rate region:

- W<10e-* mm rev! normal (mild);

- 10%<W<10-* mm rev' inadmissible (severe);

- W>10"mm rev catastrophic. These regions coincide approximately with the three wear
regimes that are distinguished on wear-pressure or wear-slippage curves due to wear
transitions [34].

Traditionally, the wear of materials has been characterized by weight loss and wear rate.
However, Studies have found that wear coefficient is more suitable. The reason is that it takes to
account the wear rate, the applied load and the hardness of the wear pin into. A wear volume
versus distance curve can be divided into at least two regimes, the transient wear regime and the
steady-state wear regime. The volume or weight loss is initially curvilinear. The wear rate per
unit sliding distance in the transient wear regime decreases until it has reached a constant value
in the steady-state wear regime. Hence the standard wear coefficient (K) value obtained from a
volume loss versus distance curve is a function of the sliding distance [41].

Table 1.K values for various materials

Materials K

Mild steel (on mild steel) 7x10-3

a- / B-brass 6x10—4
PTFE 2.5x10-5
Copper-beryllium 3.7x10-5
Hard tool steel 1.3x10—4
Ferritic stainless steel 1.7x10-5
Polythene 1.3x10-7

PMMA 7x10—6

2.4. Wheel and Rail Materials

Material selection for wheel/rail application is a major decision in wheel/rail analysis. In addition
to the economical factor, a successful selection must take in consideration of the interaction
between the track geometry, the material parameters, the environment and the service conditions.

Despite the facts that wear resistance is the most significant material property for rail application.
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It is difficult to obtain a material which can satisfy all the ultimate requirements including cost.
However, it remains possible to achieve an optimum balance between properties and cost.

Rail steels are usually classified into three types, based on their tensile strength.
These types are:

a. Normal grades: with a minimum tensile strength of about 700 MPa. Typical examples of these
grades are BSIl: 1978 and UIC 860-0 Grade 70. The normal grades are those used in normal
service conditions in many railways. The majority of British Rail tracks and London
underground is laid in BS Il Normal Grade. The chemical composition of these grades is 0.4-
0.6% C, 0.05-0.35% Si, and 0.8-1.25% Mn.

b. Wear-resistant grades: with a tensile strength of about 880 MPa. These grades are
characterised by hardness higher than that of the normal grades. This is achieved by refining the
interlamellar spacing through increasing the carbon and manganese content. Typical examples of
these grades are BS Il Wear-Resisting Grade A and BS Il Wear Resisting Grade B. Both have the
same tensile strength, 880 MPa. However, BS Il Wear Resisting Grade B is harder since it
contains higher percentage of manganese, 1.3-1.7%, and as a result, a refined pearlite lamellae.
The wear resistant grades are used for heavy haul railway routes and in tightly curved tracks.

c. High-strength grades: with a minimum tensile strength of 1080 MPa. For very high axle loads
and extremely tight curved track, higher tensile strength and further refinement of the pearlitic
structure is needed. Most steel makers produced such steel by adding 1% Cr to the basic C-Mn
composition. Addition of chromium increases, significantly the rail hardness and the wear
resistance. Under conditions of extremely high wear rate, a very high manganese steel, around
12% Mn, can be used for high wear resistance, the mechanical properties of such steel are
characterised by a high tensile to yield strength ratio. That means its work hardening rate is very
high such that its hardness is almost doubled, to an appreciable depth, after a short period in
service. This type of steel is used in points, crossings and other locations where the extended life
can justify its cost compared with other steels [3].

According to history of wheel materials in Japan “The higher the carbon content, the higher the
wear resistance. It was estimated that increase in carbon content would be effective to give the

wheel a longer life.”
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Table 2.Steel grades specified by EN, AAR and JIS.

Region Specification Steel grade Carbon content Hardness (HB)
(%)
ER6 <0.48 234-270
Europe ER7 <0.52 247-282
EN 13262 ER8 <0.56 258-296
ER9 <0.60 300-350
Class L <0.47 197-277
Class A 0.47-0.57 255-321
North America | AAR M-107/M- Class B 0.57-0.67 302-341
208 Class C 321-363
Class D 0.67-0.77 341-415
QS 346-407
Japan JIS E 5402-1 SSW QR 0.60-0.75 311-363
QRH 295-347

Dr. Saito et al. also concluded that higher carbon content of wheel material does not have any
harmful influence on rail wear. Since, according to the steel grades specified by EN, AAR and
JIS in Table 2, the wheel and rail materials of AALRT have similar property with ER8 steel
grades. To reduce problems on wheel-rail contact, it is better to analyze and understand the
wheel/rail contact material behavior and applied load conditions. The analysis of wheel/rail
contact requires the detail analysis of the contacting surface conditions and factors affecting the

contacting surface behavior of wheel and rail components.

On the figure below (fig.4) Wear of wheel/rail Vs carbon contents are shown. Since, on this chart
if the carbon contents of wheel is decreased, there is high amount of wear on wheel. This justify
that increasing the carbon contents of wheel will reduce wear of wheel material.

AAIT School of Mechanical and Industrial Engineering, 2020 Page 12




Analysis of Wear Resistance of Wheel-Rail Contact Surface Materials: In the Case of AALRT

60
;.' 50 Wheel
= eel wear
" 40 —rRail wear \
3 30
E., 20
[
2 10
0
h D\b o Q\c N @ @ S @ e
Ril 869 8% &5
oo o~ M~ - B I~ )
Wheel 0.74% 0.62% 0.43%
Carbon contents
Figure 4.Wear of wheel/rail Vs carbon contents [23].
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CHAPTER THREE: ANALYTICAL METHODS AND CONDITIONS

3.1. Material

It has been shown in chapter 2 that the wheel and rail materials of AALRT have similar property
with ERS8 steel grades. This may justify why this research has focused on ER8 rail/wheel steels.
Different literatures revealed that there are several wheel and rail material standards but closely
similar in their properties. In the entire standards wheel steel material is a little softer than that of
the rail differing slightly in the amounts of carbon, silica, and manganese in the steels used. For
Addis Ababa light rail transit (AALRT), the rail and wheel standard used is China National
Railways standard which is 50 kg/m for the rail standard and 60kg/m for the wheel standard.
These means that the weight of materials per unit length. The chemical composition and
hardness properties of the wheel materials are tested in Akaki Basic Metals Industry (ABMI) and
the rail materials are tested in Hibret Manufacturing and Machine Building Industry (HMMBI).
The chemical compositions of wheel and rail materials are tested by using an equipment of
SPECTROMETER with model of SPECTROTEST TXC25. This spectrometer measures the
amount of elements exist in wheel/rail materials in percent. This is an advanced machine with
computerized system and the working principle is by using the buttons and the system is
restarted then waited until the spectrometer is refreshing. And hardness of wheel/rail materials is
tested by using BRINELL HARDNESS TESTING machine which is an Italian equipment with
model of 206RT. This machine tests the hardness of materials using the method of BHN
parameter and it is commonly used simple and inexpensive method. The hardness test can be
used in all materials, from soft to hard ones and even for carbides. It can be also used both for
micro- and macro hardness where a sample is placed in the machine and indenter is pushed with
a certain load against the surface of the sample. The piece of materials to be tested is prepared
from Ethiopian Railway Corporation (ERC).
- Procedures for chemical composition test:

e Wheel/rail piece of materials were prepared

e Polish the specimen in order to have smooth surface finish and remove impurities

e Placing the test piece on bench by pressing the on button until the whole chemical

composition is displayed.

e Conduct chemical composition test 3 times
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e Take average of the tested results

- Procedures for hardness test:

e Prepare piece of materials

e Place a sample in the machine

e Push an indenter with a certain load against the surface of the sample

e Conduct hardness test 3 times

e Take average results

The chemical composition, hardness and mechanical properties of these materials are presented

below which is summarized from Appendix A.

Table 3.Chemical composition and hardness of material A and material B

Materials Type of Specification Chemical Composition (%) Hardness
Structure C Si Mn P S Cr (BHN)
Material A Wheel | 0.50 | 0.28 | 0.8 | <0.05 | <0.05 - 275
(Mn-Steel) Banaitic EN13262 Rail 0.60 | 0.35 | 1.20 | <0.05 | <0.05 - 290
Material B Wheel | 0.70 | 0.35 | 1.25 - - 0-0.3 | 321-363
(Pearlite Steel) | Pearlitic | AAR-M107 Rail 0.83 | 0.95 | 1.45 - - 0-0.5 | 341-415

Table 4.Mechanical Properties of Steels of material A and material B

Materials Tensile strength (MPa) | E (GPa) Density Kg/m3 Poisson’s ratio
Wheel 500 210 7800 0.30
Material A Rail 540 207 7800 0.30
Wheel 855 210 7870 0.3-0.5
Material B Rail 880 206 7870 0.3-0.5
3.2. Dimension
e The principal rolling radii of the wheel: Ry, = 330 mm
e The principal transverse radii of the wheel: Ry, = o
e The principal rolling radii of the rail: Ry = o
e The principal transverse radii of the rail: Ry = 300 mm
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e Axle radius =90 mm
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3.3. Method

This thesis is done on the specific area of AALRT and most of the data is collected from
Ethiopian Railway Corporation. In addition to this Metals and Engineering Corporation
(METEC) also helps me testing chemical composition and hardness of wheel and rail materials
using spectrometer and hardness tester machine. The life of railway wheels is usually limited by
wear. To identify the causes that led to wear of wheel at AALRT, wide range of combined
factors are possible and in order to identify these causes, data collection is carried out through
oral interviews, reading maintenance manuals, visual inspections of track and vehicle
components. The purpose of this thesis is analysis of wear and wear resistance of wheel/rail

contact surface materials using numerical and analytical methods.

3.3.1. Wheel Inspection of AALRT Vehicles and Previous Results

Actual wheel data measurements were undertaken at both depots of Kaliti and Ayat by AALRT
technicians and availability of data records from February 2016 to December 2016 which are
helpful for wheel/rail investigation. The inspection of vehicles and track is carried out for the
purpose of examining and measuring vehicle wheel and rail conditions. This inspection helps to
investigate the wheel/rail conditions. Full measurements of wheel flange thickness and tread
diameter were taken before and after machining of the wheels. A total of 24 vehicles operating
from both depots, which were inspected the time frame as mentioned earlier. 9 vehicles inspected
at Ayat depot while 15 vehicles inspected at Kaliti. The vehicle number is given by Ethiopian
Railway Corporation to know loss of wheel diameter and flange thickness for each vehicle.
Previous data records of the wheel inspection of Kaliti depot is shown below. Table 5 shows the
summary of vehicles that were inspected at the Kaliti depot.
Table 5. AALRT Vehicles inspected between February 2016 and December 2016.

Vehicle Number Depot Location

205, 206, 207, 208, 209, 210, 211, 212, 213, Kaliti wheel re-profiling workshop
215, 216, 217, 218, 219, 220
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3.3.2. AALRT vehicles of North-South Line (Kaliti Depot)

In this investigation, wheel data measurements of AALRT vehicles from Kaliti route, which

were recorded by AALRT workshop personnel. Vehicles traveled some mileages were taken

before wheel-lathe machining at their respective depot. The purpose of the analysis is to find out

the amount of loss of mass affected due to wear. Table 6 shows vehicles from Kaliti route, used

for comparison of flange thickness and tread diameter which are selected based on total average

mileage run similarity.

e New wheel diameter 660mm, worn limit 580mm

e New flange thickness 21.21mm, worn limit of 15 mm

Table 6.Vehicles selected with mileage run

North-South Vehicle No.

Mileage run [km]

212 44,026
205 49,030
215 37,312
208 43,452
218 94,471
206 75,028
216 66,522
210 51,662
Average run [km] 53,937.88

The following two tables show flange thickness (S¢) and thread diameter (T4) of vehicles from

Kaliti routes summarized from Appendix B.
Table 7.North-South (Kaliti) vehicles Flange thickness (Sq)

Flange thickness (Sq) in mm for respective wheels

Vehicle 1 2 3 4 5 6
No. L R L R L R L R L R L R
212 16.06 | 17.5 | 17.02 | 13.66 | 16.49 | 17.69 | 17.48 | 17.62 | 16.63 | 19.38 | 16.41 | 16.93
205 16.71 | 16.54 | 17.48 | 13.48 | 17.38 | 18.24 | 16.38 | 17.37 | 16.48 | 16.59 | 17.59 | 18.51
215 17.07 | 17.93 | 15.46 | 13.46 | 18.05 | 16.75 | 17.09 | 15.45 | 16.54 | 16.65 | 16.17 | 16.03
208 16.34 | 17.53 | 13.45 | 18.34 | 17.05 | 15.44 | 17.28 | 14.47 | 18.68 | 16.96 | 17.09 | 15.99
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218

13.70

16.65

14.16

13.86

17.08

16.14

1411

12.83

18.38

18.06

16.02

15.26

206

17.08

16.77

16.57

15.74

15.41

15.38

14.60

14.34

16.52

16.09

16.07

15.47

216

16.52

16.10

15.96

15.02

17.86

16.84

18.15

17.53

18.47

16.75

16.60

14.75

210

16.12

16.36

16.30

14.39

15.52

14.21

17.51

17.45

16.40

16.93

16.38

14.98

Average
Sq/wheel

16.20

16.92

15.80

14.74

16.86

16.34

16.58

15.88

17.26

17.18

16.54

15.99

Average

Sq/bogie

15.92

16.41

16.74

Note: L — left wheel, R — right wheel

*Total average flange thickness of Kaliti vehicles = 16.36 mm

e Total loss = New wheel — Worn wheel = 21.21- 16.36 = 4.85mm,

e Percentage loss = (4.85/21.21)*100 = 22.9 %
As shown in the above, the average flange thickness per wheel of Kaliti vehicles is greatly worn,

with an average flange thickness of 16.36 mm and a total percentage loss of 22.9 % in flange

thickness. One of the reasons to loss of this flange thickness is due to wear of wheel materials.

Since there exists so many number of contacts between wheel and rail during transportation.

Different literatures show that there are at least ten billion contacts per year between wheel and

rail components. During such contacts wear will be created on wheel and rail components. This

is especially due to adverse conditions of sharper curves in the route. The following table 8 also

shows tread diameters of vehicles. The average tread diameters per wheel and per bogie are

computed for vehicles.
Table 8.North-South (Kaliti) vehicles Tread diameter (Ty)

Tread diameter (Tg4) in mm for respective wheels

Vehicle 2 3 4 5 6
No. L R L R L R L R L R L R
212 659.7 | 659.6 | 659.7 | 659.4 | 660.1 | 660.1 | 660.1 | 660.2 | 659.3 | 659.9 | 659.6 | 659.5
205 659.4 | 659.5 | 659.6 | 659.6 | 660.2 | 660.2 | 660.0 | 660.0 | 659.6 | 659.6 | 659.6 | 659.7
215 659.6 | 660.0 | 659.8 | 659.7 | 660.3 | 660.4 | 660.1 | 660.3 | 659.8 | 659.8 | 659.8 | 659.8
208 659.4 | 659.5 | 659.6 | 659.8 | 660.1 | 660.3 | 660.2 | 660.1 | 659.7 | 659.6 | 659.4 | 659.6
218 659.3 | 659.6 | 659.3 | 659.4 | 660.2 | 660.2 | 659.9 | 659.9 | 659.1 | 659.7 | 658.9 | 659.3
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206

648.5

648.5

647.4

647.5

638.8

638.9

637.3

637.6

652.6

652.7

652.4

652.6

216

648.9

649.1

645.6

645.5

660.0

660.0

660.0

659.8

647.3

647.2

647.2

647.3

210

659.0

659.3

659.4

659.2

660.1

660.3

650.7

650.9

659.3

659.5

659.2

659.2

Average

656.7

656.9

656.3

656.3

657.5

657.6

656.1

656.1

657.1

657.2

657.0

Td/WhGE|

657.1

Average

Ta/bogie 656.5 656.8 657.1

*Total average tread diameter of Kaliti vehicles = 656.8 mm

e Total loss = New wheel — Worn wheel = 660 — 656.82 = 3.19 mm,

e Percentage loss = 0.48 %
As shown in the above, average tread diameter per wheel of Kaliti vehicles is greatly worn, with
average tread diameter of 656.8 mm with a total percentage loss of 0.48 % in tread diameter.
Therefore, there is loss of mass in the wheel components as shown from the above two tables.

3.3.3. Seating capacity of AALT vehicles
The vehicle is designed to hold many passengers at a time and designed for more people to stand
to use space for servicing at once.

Table 9.Seating capacity of AALRT vehicle

Number of passengers (persons) Seated Standing Total
Seats (AW1) 65 0 65
Seating capacity (AW?2) (standing: 6 persons/m2) 65 189 254
Overload capacity (AW3) (standing: 8 persons/m2) 65 252 317

3.3.4. AALRT Vehicle weight
Weights of vehicles are given in the following table with vehicle axle load and taking 60 kg as
average weight of each passenger.

Table 10.Vehicle weight of AALRT

Loads Vehicle body weight Passenger weight Total weight
Empty vehicle (t) 44 0 44
Seating capacity (t) 44 15.24 59.24
Overload capacity (t) 44 19.02 63.02
Note: Total weight = Vehicle body weight + Passenger weight
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3.3.5. Coefficient of Friction between Wheel and Rail Contact

The coefficient of friction is defined as the friction force (tangential force) divided by the normal
force which loads the system. It is a dimensionless quantity and can depend on dimensionless
combinations of system parameters like material properties, speed and load applied on the
system. Railway technology is strongly influenced by the friction coefficient between wheel and
rail. The study of the wheel/rail contact always involves the presence of friction. The wheel - rail
contact is modelled in terms of contact and friction. There is friction between two bodies in
contact and the coefficient of friction is determined by the type of contact on materials. In wheel-
rail contact case, wheel material is a little softer than rail material. Therefore, 0.3 is preferred as a
coefficient of friction in a contact of steel on hard steel as shown in the table below (table 11).

Table 11.Coefficient of friction in wheel-rail contact

Material Condition | Average Speed Load (N) u
(Km/h)

Steel on hard steel Dynamic 40 53787.3 0.30
Static 0 >> 0.40

Soft steel on cast iron Dynamic 40 >> 0.12
Static 0 >> 0.17

Hard steel on cast iron | Dynamic 40 >> 0.10
Static 0 >> 0.15

3.3.6. Forces in Wheel-Rail Contact

Vehicle dynamics performance is strongly influenced by interacting wheel and rail forces. In
wheel-rail contact tangential force and normal force exists, i.e., the transmitted tangential force
in the longitudinal direction during driving and braking, plays an important role in all these
aspects. On the other hand the normal force in the vertical direction due to vehicle and passenger
loads can exist in the wheel-rail contact surface. These Forces are directly transferred to the

wheel through the axle.
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a) Normal Force

The wheel is subjected to normal force, Fy, and travels along the rail at velocity v.

(&)

N

Figure 7.A rolling-sliding contact under acceleration (X is the gravity center; all forces in the
figure are acting on the wheel)

As shown in Figure 7, assume a single vehicle running with acceleration a, whose load is equally
distributed on the wheels, all of which are powered. The vehicle is subject to gravity, mg. Fy is
the normal force and Fr is the tangential force for each wheel. The following equations can be

obtained:

where: Fy— Normal force
m — total mass,
g — gravity
Therefore, Fy = 63,020*9.81 = 618,226.2 N

Since, 618,226.2 N normal loads are distributed in all wheels of a tram. One tram contains 12
wheels. So, Fy /wheel = 618,226.2 N /12 = 51,518.85 N. It is an applied normal load on one

wheel.

b) Tangential Force
As shown figure 7 the wheel is subjected to torque, T, which maintains the angular velocity of

the wheel, o, and also causes a reactive tangential force, Fr, at the wheel-rail interface. The
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tangential force of a driving wheel is known as traction, which ultimately propels the wheel
along the rail. During deceleration, the tangential force, Fr, opposes the running direction due to

the braking torque, T, applied anticlockwise. The tangential force can be obtained as:

where: Fr — tangential force
u — coefficient of friction
Fn — normal force
Therefore, F+ = 0.3*51,518.85 = 15,455.655N per wheel

c) Resultant force

The resultant force acted on wheel-rail contact is:
Fr=/F4 + FE=53787.3N. ..ot ?3)

3.3.7. Wheel/Rail contact

A railway vehicle consists of wheel sets, bogies, and a body, where the wheel sets and bogies are
connected through primary suspension systems while the bogies are connected to the car body
through the secondary suspension systems. Figure 8 shows a typical railway vehicle consisting of

the mentioned components.

Car body Secondary

i suspension
[ [ f/
| X J | |
— Primary
) suspension
'

Rail

Wheelset Bogie

Figure 8.Configuration of railway vehicle [38]
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Wheel is always in contact with rail but the rail surface may be free in some times after the
wheel passes. To make clear understand about this interaction of wheel and rail materials, it is
enough to see figure 9.

Wheel

A

| ——— Rail

Figure 9.Contact between wheel and rail

Vehicle dynamics performance is influenced strongly by interacting wheel and rail forces.

There are two planes considered in contact forces as shown below in figure 10.

* Plane 1 (Normal plane):- This plane involves constraint forces namely the normal force and
geometry forces. ‘Q’ denotes the vertical force acting on the contacting point, while ‘N’ is the
normal force and ‘Fy’ denotes the lateral force.

» Plane 2 (Tangential plane):- Tangent forces or creep forces such as Ty, Ty friction forces in x, y

direction, which depend on longitudinal (Sx) and lateral (Sy) creepages.

Plane 1

Plane 2

Figure 10.Wheel/rail contact forces
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3.3.8. Derailment Coefficient
The derailment ratio Y/Q is used as a measure of the running safety of a railway vehicle. Several

theories have been developed to establish the Y/Q ratio. One of the most widely used is the
Nadal [1908] derailment criterion which describes the conditions necessary to sustain
equilibrium of the forces in flange contact. Description of the Nadal theory can be found in
Dukkipati [2000].

Nadal’s formula takes into account the influence of the wheel flange angle, the wheel/rail friction
coefficient, and wheel/rail forces on the possibility of wheel climb derailment. This principle is

expressed in Nadal’s formula:

tang — p

Y
Q 1 + ptang @4

Q vertical force:

Y lateral force:
wheel profile a flange angle

i friction coefficient

o - flange angle

Figure 11.Flange angle and flange forces [39]

3.3.9. Analysis of Wear
Wheel wear is closely related to conditions of force and slip in the wheel/rail contact. Two basic

types of wear models are described in the literature on wheel/rail.
1. Sliding models where material loss depends on combinations of sliding distance, normal

force, and material hardness.

distance traveled«Normal load s*F
e Wear volume = K = K==
hardness H

...Archard’s wear model.......(25)

e W =f(Hy, H};)
e Wear rate: - is defined as wear volume per distance. i.e
Wear rate (W,) = wear volume/Distance = W/S [M> /M. . oeeeeeemieeeeee e (26)
e Wear resistance: - is a reciprocal of wearrate. i.e R=1/W, ..............ooiiiiinnn. (27)
Based on the above Archard’s wear model eq. (25) the following conclusions have been

achieved:
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e The material volume removed by wear is proportional to the sliding distance;
e The material volume removed by wear is proportional to the normal applied load;
e The materials display a wear amount inversely proportional to their hardness.
2. Energy transfer models, which assume material loss to be a function of the energy dissipated
in the contact patch. Pearce and Sherratt [1990]), have shown that the wear of wheels and rails
depends on the rate of dissipation of energy within the contact patch. It had been concluded that
wheel wear rate could be related to the energy expended through creepage in each wheel/rail
contact. This can be shown to be the sum of the products of the individual creep forces and
creepages in the longitudinal and lateral directions. Wheel wear is estimated using the wear
index taken from the English Normative (British Rail) that reads [39]:
L AT G e e TP (28)
Where, Fx is the longitudinal creep force; & is the longitudinal creepage; Fy is the lateral creep

force; n is the lateral creepage.

Variables such as longitudinal creep force, longitudinal creepage, lateral creep force and lateral
creepage, are calculated in SIMPACK by performing time integration of the parameter variation.
The wear of the wheels is greater on curves of small radius. Therefore, the wheel-rail pair
simulation is done on minimum curved radius R50 m track of AALRT line with transition track
of 15 m. After attaining the results of the simulation, the results are exported into excel and wear

index is calculated.

3.3.10. Wheel-Rail pair modeling using SIMPACK

SIMPACK is a multi-body simulation package that is used to simulate and model complex
mechanical systems. And also used to predict and optimize the behavior of any type of multi-
body system by solving the equations of motion. The software allows the user to make
determination of wheel-rail contact geometry, making an online and offline time integration,

generating creapages and creep forces, determining wear numbers and derailment coefficients.
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Figure 12 SIMPACK GUI Pre-Processor ViewSet

As we can see from GUI (figure 12), the SIMPACK ViewSet is divided into four areas:

o 3D/2D Page: - it is the biggest area which is found on the left as you have seen.

e Message Log: - This is where important messages, such as modeling information, print

outs, warnings are displayed.

e Model Tree: - is found on the right which lists all modeling elements of the work, you

can also create new modeling elements here.

e SubVars: - The SubVars area will list all *Substitution Variables’, i.e. parameters that

are defined in the model.

AAIT

School of Mechanical and Industrial Engineering, 2020

Page 27



Analysis of Wear Resistance of Wheel-Rail Contact Surface Materials: In the Case of AALRT

3.3.11 Basic Input Parameters Based on AALRT Specification

Wheel Diameter: 660mm

Maximum Running Speed: 80km/hr

Maximum Operating Speed: 70Km/hr

The maximum Axle Load: 22ton (Power bogie 10.5t + Trailer bogie 11.5t)
Max. width of car body : 2650mm

Car body height (to rail top) : 3025mm

Wheel Type: $1002 with flange angle of 70° and flange thickness (S¢) 21.21mm
Rail Type: UIC 60

Track Gauge: 1435mm

Tramcar Width: 2650mm

Tramcar Height: 3700mm

Minimal Curve Radius: 50m for mainline and 30m for parking garage

Tramcar Length: 28400mm

Wheel Base: 1900 mm for power bogie and 1600 mm for driven bogie

The general process of wheel set modeling consists of the following basic operations:

Step 1. Setting up the wheel set model
Step 2. Bringing the wheel set into an initial equilibrium

Step 3. Adding a simple guidance (primary springs) to the wheel set

Input data for wheel set modeling:

Axle diameter = 180mm

Axle length = 2200mm

Wheel diameter = 660mm

Figure 13 Wheelset shaft with Track

AAIT
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Based on the given input data, we can model wheel-rail pair using SIMPACK software.
The Wheel-Rail Pairs are the central data container and manage all Modeling Elements related to

the wheel-rail contact.

e Create the right-hand wheel-rail pair

e Create the left hand wheel-rail pair

IHV

3DPage  2DPage

Figure 14.Wheel-rail pair model of AALRT

Figure 14 shows that wheel-rail contact model of AALRT using SIMPACK software.

a) Creepages and Creep Forces

Carter [1926] was the first to study creep in railway wheels. The relationship between creepage
and creep force has been studied thoroughly by Kalker [1967, 1982 and 1990]. The wheel and
the rail interface through a small contact patch. The centre of this contact patch is the application
point of normal force, Fy and tangential force, Fy. The concept of creepage has been studied in
the field of railway vehicle dynamics for many years and is well understood. De Pater [1962] and
Johnson [1958] analysed the motion of the wheel with respect to the rail. The creep velocity
divided by the rolling velocity is called correspondingly longitudinal & and lateral n creepage:

i.e.Ezvv" and n= el et te et et eet eea b tee et et eea ebe sae bes et een et sae bes et et een st see ten een enn ene (29)

roll Vroul

The forces acting in each contact area, in the contact axis system, are obtained by evaluation of
the creep forces.
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left

vl —

v,

right

Figure 16.Creep forces in the wheelset [8]

SIMPACK software generates creepages and creep forces in SIMPACK simulation after
attaining time integration. Since, the simulation is done at operating speed of 20km/h in curved
tracks. For this operating speed, the longitudinal creepage, lateral creepage, longitudinal creep
force and lateral creep force are obtained from the simulation as shown in Appendix C. The
following diagrams (fig. 17 & 18) show the values of creepages and creep forces at curved track
operating speeds respectively for Manganese steel and Pearlite steel. Based on such diagram the
maximum and minimum values of creepages and creep forces are evaluated for Manganese steel

and Pearlite steel.
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Creepage Diagram
Manganese_Steel Pearlite_Steel
resull SRS_RWP_Right SRS_RWP_Right_1.nu_x Longitudinal creepage — resull 5SRS_RWP_Right SRS_RWP_Right_1 nu_x Longitudinal creepage
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Figure 17.Longitudinal and lateral creepages at operating speed of curved track
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Creep Force Diagram
Manganese Steel Pearlite Steel
result SRS RWP Right. 5RS RWP Right 1.Tx Longitudinal creep force = reaull.5RE RWP Right 8RS RWP Right 1.Tx Longitudinal creep force
X D:\ X 103
A P g "
= w‘l_'l = o] |2207.88
o E o !
8 15 i
g 1] g
% n.s- g M
. £ 05
2 2 o
-, < 0
L L
F o P
“h 5 i 5 ] s i ' [] 1o 5 i) 25 a0
lime [=] time [s]
Manganese_Sleel Pearlite_Steel
result $RS_RWP_Right. SRS_RWP_Right_1.Ty Lateral creep force — resull. SRS_RWP_Right SRS_RWP_Right_1.Ty Lateral creep force
% 10° . 109
0 2.0
— 158597 — | 1599.05
FA = {5
o u
o B
£ 1 8 10
a a
o [
g 05 2 0.5
o L&)
. AAAhAAhnA
§ 00—t MHERNIAIIAAND L 1 | 5 oo . JULUTN
] ]
- -
= 0.5 = -0
-0 T T T T r r r 1D r r T r T T r r r
] 10 15 ] F] an [ 10 15 2 Fi i
limem [s] time [s]

Figure 18.Longitudinal and lateral creep forces at operating speed of curved track

Figure 18 shows that diagram of Longitudinal and lateral creep forces. Since, based on these
diagrams the maximum longitudinal creep force of Manganese steel and Pearlite steel are
2307.06 and 2207.89N respectively. And the maximum values of lateral creep forces are 1595.97
and 1599.05N for Manganese steel and Pearlite steel respectively.

The general values of creepages and creep forces for Manganese steel and Pearlite are tabulated
as follows. These values of creepages and creep forces are generated after time integration of
wheelset modeling on SIMPACK software.

AAIT School of Mechanical and Industrial Engineering, 2020 Page 32



Analysis of Wear Resistance of Wheel-Rail Contact Surface Materials: In the Case of AALRT

Table 12.Creepages and creep forces of Mn-steel
Time [s] Longitudinal Creepage Lateral Creepage Longitudinal Creep Force [N] Lateral Creep Force [N]

0 0.329185 0.0144482 1479.51 10.0297
2 0.294144 0 285.605 0

4 0 0.000412778 0 1595.97
6 0.199003 4.61E-05 1921.2 1464.11
8 1.90E-06 1.02E-05 2307.06 1305.79
10 0.0955539 9.98E-06 983.965 1333.95
12 0.0116855 0.0060323 8.77232 18.5352
14 0.00524612 0.00581535 9.31058 32.0686
16 1.14E-07 0.000125343 9.8486 168.259
18 0.00299102 0.00983399 121.007 1397.35
20 0.0030256 0.0100129 121.581 1397.32
22 2.80E-07 0.0498172 122.155 1397.28
24 1.11E-06 0.0500604 122.729 1397.29
26 0.0439277 0.0899177 123.303 1563.34
28 0.037475 0.0902276 123.878 1397.39
30 0.00787917 0.0936588 132.525 1397.37

Table 13.Creepages and creep forces of Pearlite steel
Time [s] Longitudinal Creepage  Lateral Creepage Longitudinal Creep Force [N] Lateral Creep Force [N]

0 0.329189 0.0143141 1085.19 11.8173
2 0.313952 0 339.878 0

4 0 0.00013637 0 0.118827
6 0.224961 0.000251396 1877.64 2.96158
8 0.218385 0.000660758 2207.89 13.89641
10 0.153694 0.0299601 230.545 1304.2
12 0.147224 0.0301834 385.752 1245.71
14 0.000779776 1.32E-05 1833.39 1227.13
16 0.000719857 0.0898169 34.7174 440.739
18 0.011521 0.0901307 34.9561 540.109
20 0.00508919 4.93E-06 36.3117 216.176
22 2.87E-05 0.000437663 37.2526 608.348
24 3.43E-05 0.0106067 2.1853 1138.93
26 0.00595952 0.0107728 136.337 1484.95
28 0.00601162 0.0955037 136.896 1599.05
30 0.00836782 0.0958219 137.459 1397.33
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3.3.12. The wear model

The calculation of wear on the wheel is based on the volume of the removed material correlates

with the total frictional work. The main output of the wear model is the specific

volume SPIL(t)(x, y), expressed in mm*/(mm”m), a function of time which describes the specific
volume (the volume per unit of area and per unit of travelled distance) of the material to be

removed in the grid position(x, y) of the contact patch PJ. (t).

The integral with respect to x and y over the grid gives the specific volume of the removed
material per unit of travelled distance relative to the contact patch Pj. (t). In fact, the subscript
Pii (t) indicates the contact patch i of the wheel j" in the k™ multibody simulation of the
statistical analysis of the track.

The wear rate gives a measure of the amount of material removed per meter of travelled distance
(m) travelled by the train and per mm? of surface. The analytical expression for Ky, (lw) is given
by Equation (31).

5.3 * Iy, Iy < 10.4 N/mm?
Ky (Iy) = 4 55.0, 104 < Iy <77.2 N/mmZ .........(31) [34]
61.9 x Iy —4723, Iw > 77.2 N/mm?

Normally, the wear rate on the tread is typically K1, while on the flange both the K1 and K2
regimes occur.

£

Hg/mmm)

K

o

K

-
-

10,4 772 Ty (N‘,.rmmz)
Figure 19.The wear rate as a function of wear index [40].

After evaluating the wear rate, the specific volume <SP11i (t)(x,y)can be calculated as follows:

3
SPL(D(xy) =ﬂ< o )(18)

p \m mm?

Where, p is the material density of the wheel and rail (expressed in kg/ m°).
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CHAPTER FOUR: RESULTS AND DISCUSSION

4.1. RESULTS

4.1.1. Wear Analysis Results

a) Determining wear of materials

Analysis of Wear Resistance of Wheel-Rail Contact Surface Materials: In the Case of AALRT

Table 14.Wear volume of material A (Mn-steel) and Material B (Pearlite steel) due to variation

of load distance traveled

Wear Volume [m”]
Normal Load Material A Material B
Distance Traveled [KN] H =270BHN H = 325BHN

[m]

200 20 3.08e-5 2.56e-5
400 30 9.24e-5 7.68e-5
600 40 1.85e-4 1.54e-4
800 50 3.08e-4 2.56e-4
1000 60 4.62e-4 3.84e-4
1200 70 6.47e-4 5.37e-4
1400 80 8.62e-4 7.17e-4
1600 90 1.11e-3 9.21e-4
1800 100 1.39e-3 1.15e-3
2000 110 1.69e-3 1.41e-3

Table 15.Wear rate and wear resistance value of Material A (Mn-steel) and Material B (Pearlite

steel) due to distance variation

Distance Material A Material B
Traveled | Wear Volume | Wear Rate | Wear resistance | Wear Volume | Wear Rate | Wear resistance
[m] [m3] [m3/m] [m/m?] [m3] [m3/m] [m/m?]
200 3.08e-5 1.54e-7 6.49¢e6 2.56e-5 1.28e-7 7.81e6
400 9.24e-5 2.31e-7 4.33e6 7.68e-5 1.92e-7 5.21e6
600 1.85e-4 3.08e-7 3.25e6 1.54e-4 2.57e-7 3.89e6
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800 3.08e-4 3.85e-7 2.60e6 2.56e-4 3.20e-7 3.12e6
1000 4.62e-4 4.62e-7 2.16e6 3.84e-4 3.84e-7 2.60e6
1200 6.47e-4 5.39%e-7 1.86e6 5.37e-4 4.37e-7 2.29e6
1400 8.62e-4 6.16e-7 1.62e6 7.17e-4 5.12e-7 1.95e6
1600 1.11e-3 6.88e-7 1.45e6 9.21e-4 5.76e-7 1.74e6
1800 1.39%-3 7.72e-7 1.29e6 1.15e-3 6.39%-7 1.56e6
2000 1.69e-3 3.35e-6 3.98e5 1.41e-3 2.05e-6 4.88e5

b) Wear index I,

Table 16.Wear Index of the two materials

Time [s]

Table 17.Tabulation of K, (l\,) expression for maximum wear index of the two materials

Wear Index of Mn.steel

497.0766476
84.00899712
1595.970413
1846.43461
1305.794405
1427.971703
18.64374125
32.12325977
168.2591265
1397.721768
1397.697868
1397.329851
1397.340196
1568.846335
1402.122556
1398.507846

Wear Index of Pearlite steel

369.064225
106.7053779
0.11896337
425.3576034
496.0671284
1339.663343
1302.532136
1228.559647
440.8538085
540.6018599
216.3608021
608.349506
1138.940682
1485.773276
1599.96847
1398.576054

Material

K (Iw) [Mg/m mm? ]

Manganese Steel

109571.302

Pearlite Steel

94315.048
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c) Specific volume of material removed

Table 18.Specific volume of material removed

Material

Specific volume of material removed ( mm*/m mm?)

Manganese Steel

0.014

Pearlite Steel

0.012

4.2. Discussion

4.2.1. Discussion on wear results

a) Discussion on wear of materials
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Figure 20.Effect of load (a) Wear Volume (b) Wear Resistance on Mn-steel (Material A) and

Pearlite steel (Material B)
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In the above graphs, the wear volume and the applied load for two different wheel materials are
considered. The result shows that the wear volume on wheel-rail contact increases with
increasing load as shown in figure 20 (a). Even though the wear volume increases for each
wheel-rail contact materials, the wear volume on material A is greater than the wear volume on
material B. On figure 20 (b) wear resistance vs load of materials are considered. In this graph
wear resistance value on wheel-rail contact materials decrease with increasing load. On these

graph wear resistance value of Pearlite steel (material B) is greater than Mn-steel (material A).
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Figure 21.Effect of Hardness (a) Wear Volume (b) Wear Rate (c) Wear Resistance on Mn-steel (Material
A) and Pearlite steel (Material B)

On figure 21 wear volume, wear rate and wear resistance values are considered with respect to

hardness. On graph (a) wear volume decreases with increasing hardness. On the other hand wear

rate of wheel-rail contact materials also decreases with increasing hardness as shown in graph

(b). And wear resistance of wheel-rail contact materials increases with increasing hardness as

shown on graph (c). In general, wear volume and wear rate of material A is greater than material

B. And wear resistance of material A is better than material B with variation of hardness.

Wear Volume[m3]

1.80E-03

1.60E-03

1.40E-03

1.20E-03

1.00E-03

8.00E-04

6.00E-04

4.00E-04

2.00E-04

0.00E+00

500 1000 1500 2000
Distance Traveled[m]

2500

Material A

Material B

Figure 22.Wear volume vs Distance traveled on Mn-steel (Material A) and Pearlite steel

(Material B)
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In figure 22, the wear volume and the distance traveled are given for two different wheel

materials. The result shows that the wear volume on wheel-rail contact increases with increasing

distance traveled. Even though the wear volume increases for each wheel-rail contact, the wear

volume on material A is greater than the wear volume on material B.

b) Discussion on wear index of materials
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Figure 23.Wear index vs time graph

Figure 23 shows that the wear index calculated for the different creepages and creep forces.

From the graph the highest wear index is found that 1846.43461 for manganese steel and

1599.96847 for Pearlite steel. This indicates that there is higher wear number in Manganese steel

than Pearlite steel.
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c¢) Discussion on specific volume of material removed
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Figure 24.Specific volume of material removed

Figure 24 shows chart of Specific volume of material removed for Mn-steel and Pearlite steel. This

indicates that Manganese steel has higher specific volume of material removed than Pearlite

steel.

Generally, all the above information proves that Pearlite steel has better wear resistance than

Manganese steel. This is because of the composition difference and physical properties of

wheel-rail contact surface materials.
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CHAPTER FIVE: CONCLUSION, RECOMMENDATION AND FUTURE WORK

5.1 Conclusion

The purpose of this thesis is to study wear resistance of wheel-rail contact surface materials.
Since, the effect of several parameters, namely loads, motion, creeps, distance traveled and
material hardness on railroad wheels is studied using the proposed model. The method of doing
this thesis is numerical and analytical method. Based on such evaluation of wheel-rail wear
materials, the following conclusions are drawn:-

e The wheel-rail contact surface of material B (Pearlite steel) has better wear resistance
than material A (Manganese steel).

e Material B (Pearlite steel) provides improved performance and minimizes the wear and
can provide longer life.

e Based on this study material B (Pearlite steel) is better than material A (Mn-steel) in wear
resistance, wear volume and wear rate reduction and Pearlite steel is harder than
Manganese steel.

e Generally, as the hardness of the wheel/rail, increase there is a better wear performance
and in addition to hardness specific volume of material removed is highly depends on the

density of the material.
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5.2. Recommendation

Application of this thesis focuses on railway technology in the specific area of AALRT. Based
on this thesis there are any other better steel material grades in terms of strength and wear
resistance with better wheel and rail material combination. Due to this high strength and better

wear resistance, materials like pearlite steel would bring a great benefit if used for railway
project. Therefore, AALRT can use this pearlite steel.
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5.3. Future Work

AAIT

Any interested researcher could do lots of tests using the test rig and software
simulation in order to compare plenty of materials and identify the best one suitable
for the condition in need.

Any interested researcher can also do their thesis on improvement of wheel-rail
contact surface materials using proper improvement methods.

Any interested researcher could perform the economical aspect in terms of improving
wheel-rail contact surface materials in relation to maintenance and replacement of
wheel and rail components.

We can't fully rely on software simulation results; due to this any interested
researcher can do laboratory tests of wear resistance properties using wear test

machines.
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Appendices
Appendix A: Chemical composition test results

Table Al: Chemical composition test results of wheel material

(G SPECTRO AMETEK
AKAKI BASIC METALS INDUSTRY SPECTRO TEST RESULTS
Sample Result Type Origin Method Method Operator Correction Type Corr Sample Name
Name Date Time Date Time Name Version Name Type
Mn-steel 1/3/2018 1/3/2018 Measured Fe-50-MO None
11:45:12 AM 11:45:45 AM
Check Type Check Status Grade Verification Name I Grade Verification Similarity I Grade Search Name [ Grade Search Similarity
None Not Used | 0% | | 0%
Sample Name I I I | I
Elements Conc.
Meas. C Si Mn P S Cr Mo Ni Al Co
% % % % % % % % % %
Conc. Conc. Conc. Conc. Conc. Conc. Conc. Conc. Conc. Conc.
<x> 0.50 0.28 0.80 <0.05 <0.05 0.02 0.001 <0.005 0.012 0.006
Meas. Cu Nb Ti v Sn Fe
% % % % % %
Conc. Conc. Conc. Conc. Conc. Conc.
<x> 0.031 <0.005 0.004 <0.002 0.004 98.249
\
\ NN\
N4 |/ (A QN>
//L ) o [ « /'4 ) ‘) 9

e Abeye Destie
M (Capy)

25 ("{/ﬂ Quality Maoagement Head
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Table A2: Chemical composition test results of rail material

2 Sy 5 R R T I DOC No H
{ A HIBRET MANUFACTURING AND MACHINE A o
BUILDING INDUSTRY ' ’ i

\.

Chemical composition Laboratory Test Result Form | Issue No.01 Page 1 of
— e [1

— !

Date: 26/06/10

Requested by: Teshome Meku

Sample type: STEEL
Purpose: IDENTIFICATION

S/N | Sample Chemical composition
Name C Si [ Mn P S Cr [ Mo Ni Cu V Fe
1 Flat 0.60 | 0.35 | 1.20 | <0.05 [ <0.05 ] 0.20 | 0.001 [ <0.005 ] 0.035| 0.042 97.570
Preparedby: D'y Lo Checked by: _ Blsepsiics Approved by: a eﬁ& A
Sign: <Ak Sign: & e ‘
Date:__ 26 lpe/iy Date: _ 24 /wo6/10
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Appendix B: Wheel Data Measurements of AALRT Vehicles

pre-measurement post-measurement
Ma. Date milleage n.'l.lrlc nh:.ul.im c!iam.-mr diameier flange thickness |:l\iam.'h.'l dmameter flange thickness ::1::.':-:‘; remark
MNa. Mo, difference et Tight Toht Tight difference Toh Tig ey g | wheelset
| 008 6066 61158 2325 2326 . . . R .
i [} G054 L6 FENT] - - - - B
3 [05] 659 87 660155 na 177 65017 | 65184 | 1975 | 1996 1 [—
! a0 dass 14 1 [0 [OEE bl 195 0.0 65153 | 65289 | 20s | 2003 2 |wheel thresd
3 w5 60,45 6ll.63 2147 . . - - -
3 .06 H60.47 66053 . . . - N
1 [TAF] B60L63 60149 . . N N A
2 004 6051 661155 a5 . . B N N
i 3 076 &51.06 EHES 1042 136 §49.92 | 65128 | 19.58 | 1975 ] busm on
e 14 Il [ 651 48 65246 027 2079 016 65136 | 6512 | 1021 | 2005 3 [wheel thread
B [XE] Hh0AG bl 2309 34 . . N N N
3 [ B60.5 1 66029 na 2315 . . N N N
1 [ &0 6509 2024 ] . . B B B
7 [E 659,04 1.1 02 2081 . . N N N
s | mmenew | o e 3 [ B60.36 66037 19.77 204 0.3 65518 | 6as4s | 10w | 223 B scraich on
11042016 Il 040 &60.79 6019 20,18 1045 0.39 §56.82 | 6aaAl | 19.65 | 1901 6 [|wheel thread
E 008 6013 E6IL0E 075 T0.62 . . B B B
3 009 6013 [0 2108 20,53 . . N N N
| 053 650,07 550,48 16.7 17.04 0.01 63973 | 63973 | 1988 | 1986 7
T (2] 650,34 6585 7.3 14.61 0.16 B3EAT | 63300 | 1941 | 1957 B
a TBIS2016 o 213 3 = : - . . . . - - - el fange
4 = . = . . - = = thickmess
E [ 650,79 : . N N N
3 015 650,19 . . N N N
| [T 5101 . . . R .
i 012 65065 . . B B B
. 3 [ 65201 0.0 0| 63909 | 1887 | 1831 0 |wheel flange
8| #0ER0E | 26RM 2 ] o7 6012 035 | 63484 | 6354 | 1952 | 1874 10| thickness
E 0zl 14 . . . . .
& il 6003 . . B B B
1 [ 650,38 041 GS0.82 | 68128 | 173 173 11
2 000 65033 0.04 §50.91 | 65095 | 1762 | 1769 12
- 3 016 60 0.1l 64860 | 64838 | 2002 20.03 scraach on
o H-IZIE016 36447 20 1 .08 5058 014 §48.47 | 64861 | 19.08 | 809 wheel thread
B .23 65059 . . - - -
3 [T 650.3 0.2 65408 | 6543 | 1701 | 1685 13
] [T 65961 650,70 1651 §49.52 | 6023 | 1907 | 1916 14
7 07 N f508 1525 64673 | 64661 | 1754 | 1787
- I 3 L] 66032 6l 32 18.13 - - - - wheel flange
7| 1a-l4menols | 3505 216 0 [T 66035 60,29 155 N " N - thickness
B 013 B398 60,01 1748 §45.10 | 64837 | 2021 195 (5
3 02 #5576 659,74 1528 64518 | 64878 | 1838 | 183s 16
1 04 B59.66 650,63 16.06 §41.17 | 64104 | 1986 | 197 17
2 [EE] 539,73 6504 17.02 63831 | 63838 | 1641 184 Ia
o T - 2 3 001 BE.12 60,13 1649 65341 | 6A503 | 1842 | 186 ]
4 w2 660,09 6l 2 | 17.48 65368 | 68339 | 1951 | 1953 0
E (5] f55.34 650 58 16.63 65352 | 6A5SE | 1836 | 1836 ]
3 006 f39.55 650,48 1641 65314 | 65515 | 1814 | 187 z
1 015 £39.56 65012 19.92 - - - -
2 004 59,46 650,51 19.15 . B : N
i 3 3 660,39 152 64978 | 63009 | 1866 | LRAT 75 |wheel Aange
b Il M o ] 037 1Al 1795 G508 | 65013 | IROE | 1786 | 34 | thickeess
s 036 650.17 1928 - - - -
& 007 650,44 20.08 . B : N
I [NE] 656,19 1663 65104 | es22 | 1703 | 1760 i
1 .06 65067 1751 68546 | 63577 | 1827 | 1822 %
3 [0 65087 15.04 64108 | 64114 | 1935 | 1986 I
10 I8-2UMG006 | 35568 m 1 01l 644,95 1656 64098 | 64103 | 1702 | 1705 =
s 02l 659.94 1532 . . . .
3 005 5507 1752 . . . N
I 019 650,44 1625 1722 16 §49.24 | 494 | 1897 | 1938 9
2 006 650.24 16.87 15.14 [ 64508 | 64821 | 1804 | 18a7 30
. 3 [ 660102 1401 15.07 016 63904 | 63931 | 1836 | I8E 31 |wheel Aange
1] 4-24e0ln s3to 206 1 023 650,98 1245 1448 [T 63743 | 63796 | 1768 | 1704 12 thickness
B [ 650,55 1735 16.6 016 65116 | e836 | 170 | Ism 13
3 002 650,46 15.92 1538 016 6512 | 68342 | 1761 | 1am M
1 [XE] 650,40 2042 1975 . . . . _
7 s 50,65 2039 3008 . . - . N
o . 3 [ 60 19.2 15.13 0,52 63537 | eded 0 0.78 35 [wheel Aange
12| 2426060016 | 45540 11 ] 5] w6026 1977 | 1408 037 | 3529 | 6366 | 1925 | 1938 | 36 | thickness
E [ 650,65 2071 2059 . - - . B
3 [T 65041 2043 1991 - - . . N
] 011 650,53 1671 16.54 0.44 63066 | 64009 | 2031 | 2009 37
1 002 650,64 1748 1348 047 €317 | 63764 | 1756 | 1758 %
13| 21016 49030 05 3 04 [k 17.38 18.24 = = = = = wh:_\.".ﬂangu
4 08 661104 16,38 1737 . . . . N thickness
E [T 59,50 16.48 1639 . . . . N
3 .08 3061 650,60 17.50 1851 - - - - -
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I 3 034 64186 | 64311 | 17.65 9
T [N 032 §43.27 | 64296 | 1738 a0
_ . 3 [T 024 63658 | 6347% | 19.55 a1 |wheel flange
1 3T Saath 218 4 [0 [ 63796 | 63828 | 17.69 4z thickess
E 053 0.03 64798 | 64795 | 2011 a3
3 Al 012 64816 | 647.94 | 1783 T
] 044 03l B4LTH | 640 .97 45
1 0,06 [ G102 | 64202 | 1744 a6
. - i i 3 009 03 64514 | 64544 | 1971 47 |wheel flange
13 ] OB-1LAT2006 | 4731 s 1 018 021 64417 | 64438 | Isa2 15 thickness
B 002 - - - - -
3 017 - B : - :
1 019 [ 65507 | 68827 | 1939 | 1984 ]
T .08 [ 65487 | 68476 | 1591 | Iso6 50
I S . 3 001 - . . - .
16 | 1314miooe | 22182 207 " o : - . . .
3 (e . . ‘ . ‘
& 0,06 - - . - .
1 007 .29 63753 | 63821 | 2001 | 2034 31
2 nzr2 (AL B354 | 63521 17.41 17.75 52
R N — - 208 3 i3 [ G015 | 64008 | 1538 | 1678 53 |wheel flange
f .06 023 639.02 | 63879 | 183 18.3 54 thickness
3 a2 (AL 64593 | 64576 19.68 19.82 55
3 02 007 G578 | 64586 | I5E6 | 189 B
| 12 - . . - .
2 il - - - - -
s | 1rasmenos | assst e 3 023 035 63578 | 68843 | 1567 | 1938 57
4 025 038 68516 | 68878 | 1935 | 1926 55
3 (LR - . - = =
3 (e . N . . .
[ [ 029 G173 | 64244 | 159 )
2 024 sl 64225 | 64163 17.75 =]
o z 3 023 039 640074 | 64013 17.39 &l wheel flange
19 | soomsnoie | sleez 210 n o — —— = e
E 0.2 s 64628 | 6463T 18.02 &3
13 a 04l 64596 | 64588 17.27 &4
1 [T . . B . B
] 003 - . - - -
. . 3 021 65 63465 | 6553 | 1832 | IsA2 65
W IRIEANIE 40315 108 [ [XE (5 NI EER 3
E 038 N . B . B
3 047 . . . . .
1 .44 . . . . .
7 D . N . " .
. . . 3 053 031 63612 | 63643 | 174 | 1776 61 |wheel flange
e e et m 4 056 051 | 3ai | Gass2 | U723 | 1699 | 68 | thickness
5 009 . . . " .
3 [TE: . - - - -
1 022 . . - - -
7 023 . N . " .
1 | osatmenos | s4s07 1o 5 LE]] (] W1707 | adeds | I83% | 1875 #wheel fange
1 [ [E5] 6368 | 63628 | 1824 | 1807 0 thickness
3 [ - 3 N . -
& [ - - - - -
1 .42 [E5] @77 | e | Isd6 | 1834 71
F 011 027 61184 | 6YLE 1784 17.87 72 |wheel thread
- 3 026 0.96 63083 | 63091 | 884 | 142 73| soauch &
R L 3 [iE 05 [ aane? [63taz | 183 | U786 | 74 Jwheel fange
E (8 0.13 63476 | 6344 | 1792 | 1796 75 thickness
[3 043 019 63338 | 63319 | 1794 | 1811 76
T [N . . N - .
] 003 . . N - N
: - 3 .48 .65 G048 | G 1758 18 71 [wheel fange
M| s | 7430 109 T T 5 e = ks
E [ - - - - -
& 0.0 N : B . -
1 026 [XE 61812 | 618 | 1808 | 1817 i
1 [IE .06 61633 | 61689 | 1035 | 19.53 50
35 | 1gasnioms | 7seas | s 3 LIl 006 [éi2an [g122s [ 1967 [ 1974 [ 81 [wheol Gange
] (iR 018 60991 | 60973 | 1789 | 1805 52 thickness
E 004 0.04 6267 | 62674 | 209 | 20.87 53
& [NE 0.l 62616 | 62603 | 1799 | 17.03 7]
1 [ 03 621318 | 62348 | 30 20.09 5
7 o7 E [ GIL13 | G2R03 | 846 | 164 56
7 T N = = = = ul .
26| 19a2lAIL2006 | 64522 216 i gﬂlz- 59,99 650,54 1815 7.33 . . B . B ‘:‘.:lkﬂf:
E 008 13 64722 1847 16.75 005 62707 | 62nz | 19 | 1sa2 &7
3 006 64724 6473 I6h 1475 [ 625 | 62499 | 1838 | 136 55
1= -1t
— thread and
- 3 006 10,8 1556 17.79 [ 63025 | 63025 | 19012 | 193 59
3 W06 a4 2 4 042 £15.09 1928 1819 0.2 62020 | 62942 | 1816 [ 1815 W bl
T wheel flange
5 5 . - . 5 5 . 5 - 5 | el
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I 173 s5La | eeioe | 15os | 15 Til [ 650 w3 | 904 | 93 |1
1 001 548l | esdxr | 1726 | 1634 007 | 62534 [ 62541 | 2078 | 2074 | 92
2 - 3 ] T I N I T T3 | 61636 [ 61609 | 1945 | 1961 | 95 Jwhee! fange
: 1 [ BI04 | sedsh | 1477 | 1587 033 | 61421 | 61454 | 1808 | 1831 | 94 | thickness
3 T3 3935 | eeesl | 1539 | 1AL 2z | 64237 [ odzse | 2081 | 3omd | 95
& o F001 | &38| 1750 | 158 T: |6l [mise | 155 [ Em | W
] 037 3904 | ee877 | 204l | 1937 . . . A B
6] 005 I T TN R - - B N B
3 160 @50 | esol | s | 1534 032 | 60706 | 60758 | 1963 | 1955 | 7 |wheel fange
M| WNZ0E ) S0u |11 1 0.4 8148 | 63535 | Igs1 | 149 002 | 60531 | 60531 | 1878 | 181 | 98 | thickness
3 o5 w5005 | esor | 3L | 30a0 . : ~ . "
& [T GiRA1 | 6oheh | 2098 | 19a7 : : N N N
] [ 5593 501 T5a2 | 1768 - - 5 N 5
3 o0 wo7 | & T . : 5 . "
. . 3 021 65089 | ee0ll | 1764 | 1557 3 3633 | 63633 | 1969 | 1983 | 09 |wheel fange
e N =0 n [ 65042 | 65002 | 1855 | 1869 0 63629 | 63629 | 1855 | 1869 | 100 | thickness
3 (3] wEe | el | 53 | T - - B A 5
& 0 0.2 | s 151 | Iasd : n N N .
] [ fiis | eoqd |zl | ez : : B A B
6] ] Bl | el | e | 1 - - B N B
S — 1o p [T a3062 | e07 | 2043 | 1941 Uo7 | 62667 | 266 | 1934 | 1936 | 101 | seraschon
2 7 I3 BL | el | s | 19ES 158 | 63808 | F232 | 1942 | 1948 | T8 |wheel thread
F .02 a3 | etaor | 1e7s | 188 3 . - A 5
& 045 63131 | e3276 | 1845 | 1009 - - 5 N 5
T oo 55005 | &0 | 7139 | Z0& [ RN N N T T
3 .04 3935 | 609 | 20E] | 1987 iz | 6531z | esaas | zoer | aoTa | 104
" J— 3 07 5036 | &9 | IETR | 1A - - - 5 - scraich oo
2| LSNDENG | S (168 Fy n.a3 65165 | esdod 56| 18 . . N N N wheel thread
5 0.8 8595 | 6so.us | 2001 | 1997 - - 5 N 5
& 031 948 | 6e9.7 | 2098 | 2043 : : 5 N 5
] [ 64545 | eaBsr | (708 | 1677 T | 63540 | fosas | zoas | soad | 16
1 006 64739 | 64745 | 1657 | 1574 005 | 62199 [ 62393 | 1981 | 1968 | s
- 3 [ BT | eR0r | T5AT | 158 T3 | 6150 [ 61547 | 1931 [ 1930 | 107 |whee! fange
3| ZLIMINIDIG | TSI ) 206 1 023 a7 | 6356 a6 | 1434 002 | 61531 | 61529 | 1844 | 1828 | 108 | thickness
3 014 3138 | eee7r | 652 | e | 003 [ 62591 | 62606 | 2002 | 2044 | 1@
& 110
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Appendix C: SIMPACK results
Table C1: Longitudinal and Lateral Creepage

=@ Curve Properties

General Source Info

Mumber of values: 16

X-Start: [0 | r-start: [0.329185

X-End: |30 | vEnd: [0.00787927

®-pin: [0 | v+n: [0

X-Max: |30 | ¥max: [0.329185

Time Longitndinal Creepage of Wn-steel
1 0 0.229185
2 2 0.254144
3 4 o
4 6 0.199003
5 B 1.90456e-06
& 10 0.0955539
T 12 0.0116855
2 114 0.00524612
9 16 1.13738e-07
m 18 0.00299102
11 20 0.0030256
12 22 2.80227e-07
13 24 1.10716e-06
14 26 0.0439277
15 28 0.037475
16 30 0.00787T9N7T
—-® Curve Properties
General Source Info
Number of values: 16

X-Start: [0

| v-start: [0.329189

X-End: |30

| vEnd: |0.00838782

X |D

i | ]

| ¥mzoc: [0.320189

X-Maon: | 30

[N ST SV N
®

o o o oo oo oo ow
[T STTR —

ok N = e
R A R~ R

=]
ot
=]

Longitundinal Creepage of Pearlite steel
0.329189
0.213952

o

0.224961
0.218385
0.153694
47224
0.00077T9TT6
0000719857
0.011521
0.00508919
2.86791e-05
3.43015e-05
0.00595952
0.00601162
0.00836782
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=@ Curve Properties
General Source Infio
Mumber of values: 15
x-Start: [0 | v-start: [0.0199482
x-End: |30 | v&nd: [0.0936588
x-¢in: [0 | v+un: [0
x-Max: |30 | vmax: [0.0938588
Time Lateral Creepage of MWin-steel
1 o 00144482
2 2 0
3 4 0000312778
4 & 4.6054e-03
5 a 1.02137e-05
6 10 9.98144e-06
7T 12 0.0060323
8 14 0.00581535
9 16 0000125343
10 18 0.00983399
11 20 0.0100129
12 22 0,0498172
13 24 0.0 500604
14 26 0.0899177
15 28 0.,0M022T6
16 30 0.0936588
=% Curve Properties
General Source Info
Number of values: 16
x-Start: [0 | v-start: [0.0143141
x-End: |30 | v-€nd: |0.0958219
xMin: [0 | y¢n: o0
X-Max: |30 | Ymax: [0.0958219
Time Lateral Creepage of Pearlite steel
1 0 0.0143141
2 2 1]
3 4 0.00013637
4 6 0.000251396
5 & 0.000660758
& 10 0.0299601
7 12 0.03012834
8 14 1.3214e-05
9 16 0.0898169
10 18 0.0901307
11 20 4.92909e-06
12 22 0.000437663
13 24 0.0106067
14 26 0.0107728
15 28 0.0955037
16 30 0.0958219
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Table C2: Longitudinal and Lateral Creep Force

=@ Curve Properties
General Source Info
Mumber of values: 16
x-Start: |0 | ¥-start: |1479.51
x-End: |30 | v-End: [132.525
XMn: [0 | v+ [0
X-Max: |30 | vax: [2307.08
Tme Longitudinal Creep Force of Win-steel
1 0 1479.51
2 2 285.605
2 a o
4 B 1921.2
5 a8 2307.06
6 10 923,965
r 12 877232
g 14 9.31058
o 16 9.8486
10 12 121.007
11 20 121.581
12 22 122.155
12 24 122.729
14 26 123.303
15 28 123.878
16 30 132.525
=@ Curve Properties
General Source Info
Number of values: 16
x-start: |0 | vstart: [1085.19
®-End: |30 | v-end: [137.459
xin: [0 | vomn: [0
K-Max: |30 | ¥-+ax: [2207.89
Time Longitudinal Creep Force of Pearlite steel
1 0 1085.19
2 2 339.872
3 4 h]
4 6 1877.64
5 &8 2207.89
& 10 230,545
T 12 385.752
a2 14 1833.39
9 16 34.7174
10 18 34.9581
11 20 36.3117
12 22 37.2526
13 24 2.1853
14 26 136.337
15 28 126.896
16 30 137.459
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=@ Curve Properties
General Source Info
Mumber of values: 16
x-Start: [0 | v-start: [10.0297
X-End: |30 | vEnd: |1397.37
¥ -viir: [o | =fvlirn: |0
X-Maoc: |30 | vmax: |1595.97
Time Lateral Creep Force of Mn-steel
1 o 10,0297
2 2 o
3 4 1595.97
4 6 148411
5 8 1305.79
6 10 1333.95
T 12 18.5352
8 14 32.0686
9 16 168.259
110 18 1397.35
11 20 1397.32
12 22 1397.28
12 24 1297.29
14 26 1563.34
15 28 1397.39
16 30 1397.37
=@ Curve Properties
General Source Info
Mumber of values: 16
X-Start: [0 | ¥start: [11.8173
xEnd: [30 YEnd: [1397.33
X-Min: [0 | vpin: [0
Wl |30 W-Man: | 1%99,05
Time Lateral Creep Force of Pearlite steel
1 0 11.8173
2 2 V]
3 4 0.118827
4 B 2.96158
5 8 13.8964
& 10 1304.2
F 1245.71
8 14 1227.13
2 16 440.739
10 18 340909
11 20 216176
12 22 608.348
13 24 1138.93
14 26 1484.95
15 28 1589.05
16 30 1397.33
|
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