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Abstract 

The purpose of the study is to investigate the dynamic and thermo mechanical effects of the 

rail due to the wheel-rail contact. The guidance of railway vehicles are done by the rails with 

the carrying wheel loads coming from the axles. But, different loads coming to it may cause 

damages, especially the heads at the joints and the webs. The friction and thermal power pen-

etrant  at the continuous rail surfaces, the cracking of the head ends, deformation of fish plate, 

high impact force, the contact probe energy generation and vibrations due to discrete contact 

area and rail heads dip down to a joint even on both sides are some of the problems. 

 

Therefore, this study focused on two loading effects on the rail. The first is the investigation 

of dynamic effects and the second is thermo-mechanical effects of the contacts between vehi-

cles and rail track during braking. In dynamic analysis, the modal and mechanical transient 

effects are investigated. Since, a modal analysis is performed on a pre-stressed structure; the 

static loading effect was first validated. The results for the first five mode shapes of  natural 

frequencies and maximum deformations are: (42.136, 212.22, 259.08, 371.5, 617.67) Hz and 

(1.1506e-002, 1.1544e-002, 1.1039e-002, 6.3931e-002, 5.0965e-002)m  respectively for the 

continuous rail, and (80.326, 263.43, 335.32, 513.47,  774.65)Hz and (1.116e-002, 1.089e-

002, 1.194e-002, 5.4382e-002, 4.8243e-002)m  for the jointed rail respectively. In the transi-

ent, the total deformations are: 1.4297e-005m & 1.4577e-005m and the Von-mises stresses 

are: 14.923 Mpa & 20.739 Mpa for the continuous and the jointed rail respectively. Also, the 

transient total velocity, total acceleration, the joint probe impact forces and the energy probe 

(for both kinetic and potential) are investigated. Thus, the maximum deformation and von-

mises stress of the rail at the joint for the transient is larger than at continuum part. 

 

In thermo-mechanical analysis, the transient thermal effects on the rail, in addition to the stat-

ic mechanical loads were explored. In this case, the rail body temperature that is generated 

during braking was imported to the mechanical loading and the combined effects were ex-

plained. The thermo-mechanical braking effects developed on the three rail track level condi-

tions: during the downgrade braking, at the straight track braking and at the curved track 

braking. The maximum temperature rises for the three cases (  ) are: 49.373, 42.576, 378.77 

and the thermo-mechanical von mises stresses ( Mpa) are:57.42,43.42 and 41.87. As shown 

in results, the combined thermal and mechanical effects are the highest at the downhill brak-

ing. 

 

Keywords: Rail, dynamic, mode shape, thermo-mechanical 
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Nomenclature 

a, b: semi-axes of wheel-rail elliptical contact 

  ,    : Young‟s modulus of elasticity of the wheel and the rail, respectively (N/m2) 

          : Poisson‟s ratio for the wheel and the rail, respectively 

  
  :  Principal rolling radius of the wheel (m) 

  
  :  Transverse radius of curvature of the wheel profile at the contact point (m) 

  
 :   Principal rolling radius of the rail (m) 

  
 :   Transverse radius of curvature of the rail profile at the contact point (m) 

Ek:    kinetic energy 

Ep:    potential energy 

Wa :  Half axle load, 

Ww : Wheel weight, 

KH :  Hertzian contact stiffness, 

Kp:  Rail pad stiffness, 

Cp :  Rail pad damping coefficient, 

Kb :  Ballast stiffness , 

Cb:   Ballast damping coefficient. 

Fstat: Static wheel load, 

Rw : Wheel radius, 

Rr : Transversal railhead radius 

l :   Distance between two supports [m] 

EI:  Bending stiffness of rail (static) [Nm2] 

m :  Mass of the rail per unit length [kg/m] 

k :   Modulus of foundation stiffness, 

I:    Moment of inertia of the rail 

  : Temperature of the surrounding 

u :  Velocity field 

Vs:  Sliding velocity 

Q:   Heating power per unit volume 

Mr: Lumped mass matrix on rail 

zr: Nodal displacement 

qr: Forces vector on the rail 

f: wheel-rail contact force 
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Xw: Wheel displacement 

Xr: Rail displacement 

r: Rail roughness 

N: Normal load at the wheel-rail contact 

M: Mass of the tramcar 

Ii : Polar inertial moment of rotating parts 

  : Maximum instantaneous braking force [N] 

  : Curve resistance forces in [N]. 

 : Heat partitioning parameter 

P: Peak pressure in GPa 

μ: Wheel-rail friction coefficient 

tc : Traction coefficient 

w: Average wear rate in nm/cycle 
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CHAPTER-ONE: INTRODUCTION 

 

1.1. Background and Justification of the Study 
 

The railway is one of the safest, high speed, and durable mode of transport. Long before rail-

way transport developed into the effective and complex system as generally understood to-

day, rails were used to guide horse-drawn vehicles and by 1767 iron rails had been introduced 

[1]. By the mid-1800s, the general form of rail and wheel had developed into something very 

similar to those in use today. At the start of the 19th century, mechanically powered rail 

transport had started to develop, initially by modification and transfer onto wheels of station-

ary steam engines, which had by that time become commonplace. At the late of 19
th

 century, 

in 1896, Hertz developed the first scientific description of the wheel/rail contact. He devel-

oped an analysis method to describe the elastic contact of glass lenses but, following its pub-

lication, it was found that it could also be used to describe contacts within rolling element 

bearings, between gear teeth, and between rails and wheels which is an elliptical form. 

 

Metal wheels rolling on metal rails are the principal characteristic that distinguishes railways 

from other forms of transport. Wheel and rail meet at a contact patch that is small (typically 

about 100 mm
2
) [1] and carries the full wheel load through which all steering, traction, and 

braking forces are transmitted. This contact patch sees a severe working environment. Stress-

es normal to the plane of contact can reach values several times the wheel or rail tensile 

strength, and sometimes shear stresses in the plane of contact can exceed the shear yield 

stress. Rapid temperature rises, caused by relative slip between the wheel and rail, can reach 

several hundred degrees Celsius in routine operation, and over 1000°C in extreme circum-

stances. These stress and temperature conditions inevitably lead to wear, deformation, and 

damage to the wheels and rails; and a major goal of railroads is to arrange service conditions 

and maintenance procedures to minimize deterioration and hence extend component life. This 

is important because rails and to a lesser extent wheels constitute a large part of a railroad‟s 

asset base. 

 

Since the adoption of steel rather than iron as the material of choice for rails, the wheel/rail 

system has remained virtually unchanged. However, this does not imply that the system is 

ideal. The wheel/rail contact area is typically the size of a small coin. The material in and 

around the contact area is therefore highly stressed. High rates of wear might be expected for 
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such a contact but, in addition, because the load is applied and removed many times during 

the passage of each train, there is the possibility of fatigue of the rail surface. 

 

 

Fig.-1: The first steel wheel rolling on a steel rail [1] 

 

From the start, the wheel-rail contact has been of critical interest to railway engineers. Be-

cause of, the performance of rail vehicles is inevitably tied to tiny areas where the wheels 

meet the rails. This highly-stressed interface is the root to almost all research areas of interest 

in vehicle-track interaction, especially, for the dynamic performance. The vehicle itself and 

its guidance, the track, cannot be regarded separately if the dynamic behavior is described. 

Vehicle and track are coupled by the wheel-rail contact. This enables to support the vehicle, 

to guide it along the track and to transmit acceleration and braking forces. For the compre-

hension of the system the geometric and physical properties of the wheel-rail contact is a vital 

point.  

 

Wheels and rails are subjected to large numbers of repeated contacts. This repeated rolling or 

sliding contact stresses the material cyclically, and it responds in one of the following four 

ways [1]: 

1. Perfectly elastic behavior: This behavior occurs if the contact pressure does not exceed 

the elastic limit during any load cycle. 

2. Elastic shakedown: It is in which plastic deformations takes place during the early cy-

cles, but, due to the development of residual stresses and sometimes strain hardening, the 

steady-state behavior is perfectly elastic. This process is known as shakedown, and the 

contact pressure below which this is possible is referred to as the elastic shakedown limit. 
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3. Plastic shakedown: It is in which the steady state is a closed elastic-plastic loop, but with 

no net accumulation of plastic deformation. This behavior is sometimes referred to as cy-

clic plasticity and the corresponding limit is called the plastic shakedown limit or the 

ratcheting threshold. 

4.  Ratcheting threshold: The steady state consists of open elastic-plastic loops, and the 

material accumulates a net unidirectional strain during each cycle, a process known as 

ratcheting 

 

The most feasible study railway systems are dealing with both static and dynamic effects. 

Static analysis gives normal contact stress under a specified loading condition. Dynamic as-

sessment is usually performed using vehicle simulation software, which provides detailed in-

formation on vehicle dynamics and wheel/rail interaction, including normal forces, tangential 

forces, displacements, velocities, accelerations, and other dynamic parameters for wheel and 

rail contact patches. One dynamic effect that would be created at the wheel-rail contact is 

mechanical effect.  Dynamic loads (e.g., at rail-joints or in turnouts points) are much higher, 

with vertical accelerations reaching values of 100 g (1000 m/s 
2
). This is a consequence of the 

high stiffness of the wheel/rail interface. 

  

The most important effect is mechanical train vibrations that are generated at the wheel-rail 

contact. The instantaneous creation and propagation of rail vibration, wheel vibration and ra-

diated noise will occur during the transit of a tramcar. This vibration is mainly the result of 

rolling contact. Rolling vibration is caused by vibrations of the wheel and track structures, 

induced at the wheel-rail contact point by vertical irregularities in the wheel and rail surfaces 

[18]. A similar mechanism leads to vibrations due to discontinuities in the wheel or rail sur-

face (impact vibrations). Also, the mechanical vibrations occur in sharp curves and are in-

duced by unsteady friction forces at the wheel-rail contact [11]. Vibration refers to the oscil-

lating movement of any object [21]. 
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Fig.-2: Track-wheel interaction and vibration propagation diagram, [10] 

 

 

A moving train creates a moving force and the stress pattern that move with it.  This moving 

stress pattern must impress stress waves into the surrounding ground even in the absence of 

any imperfections or periodic irregularities in the vehicle or the track. The track itself does 

not provide uniform support; the rails, themselves of fixed length, are supported on sleepers 

placed at regular intervals, and the sleepers are in turn surrounded by and resting upon stone 

ballast. All of these track features can be expected to contribute to the stress field present in 

the ground below and beside the train [30]. 

  

To analyses the dynamic behavior of railway vehicles running on arbitrary tracks under arbi-

trary maneuvers, usually the vehicle (and if necessary the environment) is represented as a 

multi-body system. A multi-body system consists of rigid bodies, interconnected via massless 

force elements and joints. Due to the relative motion of the system‟s bodies, force elements 

generate applied forces and torques. Typical examples of such force elements are springs, 

dampers, and actuators combined in primary and secondary suspensions of railway vehicles. 

Contrarily, joints give rise to constraint forces by constraining the relative motion of the sys-

Wheel roughness Rail roughness 

Contact receptances 

Wheel –rail inter-

actions 

Wheel receptances Σ 

 Rail receptances 

Wheel response Rail response Sleeper response 

Σ 

Propagation of Vibrations 

and Heat power 

Contact forces 
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tem‟s bodies. The scope of application begins with simple single-axis rotational joints, and 

ends with highly complex and specific ones, like the so-called „wheel–rail joints‟ guiding 

bodies along arbitrary tracks. To take the flexibility of lightweight structures into account, an 

interface between MBS software and Finite Element (FE) software has been implemented in 

many simulation programs. In the first step, a number of mode shapes of the body to be mod-

eled elastically are analyzed by FE analysis. Then the results are transferred to the multi-body 

simulation, resulting in a “hybrid” model consisting of rigid and elastic bodies. Finally, on 

behalf of a dynamic stress analysis of the flexible body‟s most vulnerable locations, the dy-

namic forces and accelerations following from time-integration of the system equations can 

be shifted back to the FE software. 

 

The linear analysis (also called modal analysis) performs an eigenvalue calculation on the 

matrices that represent the equations of motion. This will indicate the natural frequencies of 

the various modes of oscillation. The motion can be self-exciting and become unstable, and 

the eigenvalue analysis can indicate the critical speed at which this instability, or hunting, 

may occur. In practice, vehicle speed gradually increases until the real part of the complex 

eigenvalues is not negative, but equal to zero. This speed corresponds to the critical speed of 

the vehicle. 

 

Generally, rail has three main parts that together can withstand the wheel load. These are: the 

head, the web and the foot. 

 

 

Fig.-3: The typical rail profile 

 

The thermal analysis is a very important stage in the study of braking systems, especially of 

railway vehicles, where it is necessary to brake huge masses, because the thermal load of a 

braked railway wheels rolling on the rails that prevails compared to other types of loads. In 

the braking phase, kinetic energy transforms into thermal energy resulting in intense heating 

and high temperature states of railway wheels and rails. Thus induced thermal loads deter-

Head 

Web 

Foot 
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mine thermo-mechanical behavior of the structure of railway rails. In cases of thermal over-

loads, which mainly occur as a result of long-term braking on down-grade railroads, the gen-

eration of stresses and deformations occurs, whose consequences are the appearance of 

cracks on the rail head and the final total rail defect. The importance to precisely determine 

the temperature distribution caused by the transfer process of the heat generated during brak-

ing due to the friction on contact surfaces of the braking system makes it a challenging re-

search task. Several factors contribute to wheel/rail contact resistance in addition to braking:  

First, during rolling, the wheel and rail surfaces are elastically deflected such that relative 

motion can occur. Second, energy can be dissipated by plastic deformation. Third, surface 

adhesion phenomena can dissipate energy and the temperature may rise at the contact patch. 

 

The temperature rise because of frictional heat at the contact patch is distributed to the wheel 

and rail according to the heat partitioning parameter. However, the contact surface on the rail 

is continuously changed and the contact surface on the wheel is essentially the same during 

sliding. After a short period of sliding, the cold rail absorbs more heat and comparatively less 

heat flows into the wheel. Therefore, the partition factor is not a constant value and keeps 

changing in the period of sliding. The heat partitioning parameter is the function of contact 

patch semi-axis length in rolling direction and the sliding velocity of the vehicle. 

 

Generally, Vehicle-track interaction generates: vibrations, high receptance, noises, and im-

pact force, resonate conditions, frictional force, wear, cracking, heat, spalls and rail corruga-

tions. High frequency interaction between wheel and rail can lead to damage the contacting 

surfaces of the rails. The other fact is that rail replacement is much more expensive than 

wheel replacement, and that wheels are more frequently re-profiled or replaced, thus why it 

would appear more attractive to investigate the loading effects on the rail. 

 

During braking, the frictional effects cause the wheel and braking foundation components. 

These, thermo-mechanical effects were studied by many researchers. In the other cases, the 

wheel - rail contact is the area of interest which is affected by the thermo-mechanical loads 

during braking. But, this effect of the track rail has not been getting the attention of research-

ers. Even if the effects on the wheel is higher, the rail also much affected by braking loads, 

especially at the downgrade track level. The temperature of the rail rises because of frictional 

heat at the contact patch. The thermal stresses and deformations in addition to the mechanical 

effects are generated. Its consequences are that the appearance of cracks on the rail head and 

the final total rail defect. Therefore, it is recommendable to deal with the thermo-mechanical 
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effects on the rail and the heat conduction from the wheel into the colder rail has to be con-

sidered. 

 

Therefore, the intention of this research is to investigate the dynamic and thermo-mechanical 

effects of the contacts between vehicles and rail track. It includes confirming the first cut-off 

vibration frequencies values and mode shapes with the standards, determining the frictional 

force and partitioned heat flux, verification of the thermal effect at the down grade, straight 

track and curved track braking and weighs transient structural (MBD) effects at the rail joints. 

The model of contacts would be figured with 3D by CATIA VERSION 5-R-16 and simula-

tion finite element analysis is done by using ANSYS-12 workbench.  

 

1.2. Rational of the Problem 
 

Rail provides the running surfaces for the train wheels and guides the wheel-sets in the direc-

tion of the track. It accommodates the wheel loads and distributes these loads over the sup-

ports. It also stabilizes the Lateral forces from the wheel-sets and longitudinal forces due to 

traction and braking. These loads may cause damage to the rail heads. At the continuous head 

it is highly affected by the friction and thermal power penetrant and at the joint it faces the 

cracking of the head ends, deformation of fish plate, high impact force and vibrations due to 

discrete contact area and rail heads dip down to a joint even on both sides.   

 

Furthermore, the contact problems leads to rapid crash of the train bodies, dis-comfort of pas-

senger, derailment, floor resonance to the building and high disturbance to the nearby socie-

ties. The temperature rises during braking also causes premature wear, rail failure, thermal 

cracks, rail burns and thermal excited vibrations. But, even if the rail is facing such loads, al-

most all previous researchers focused on the wheel thermo-mechanical effects.  

 

Therefore, the investigations of dynamic and thermal for the wheel-rail contact effects on the 

rail are needed especially, at the rail joints and give response for following basic research 

questions. These are: 

 What are the vibration‟s natural frequencies and mode shapes occurring on the contin-

uous and jointed rail? 

 How much is the thermo-mechanical effect on the rail at the wheel-rail contacts during 

the down grade, straight track and curved track braking? 
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 How much is the maximum friction forces and heat power generated at the rail head-

wheel tread contact? 

 How much is the transient structural effects on the rail? 

 
 

1.3. Objective of the study 
 

1.3.1. General Objective  

 

The general objective of this study is to investigate the dynamic and thermo-mechanical 

wheel-rail contact effects on the rail by using finite element analysis. 

1.3.2. Specific objective 

 

The specific objectives of the study are: 

⩺ To examine the natural frequencies and mode shapes occur at the continuous and rail 

joint of wheel-rail contact. 

⩺ To investigate the thermo-mechanical effects on the rail at the wheel-rail contacts  

during downgrade, straight track and curved track braking 

⩺ To investigate the transient structural of the rail for the wheel-rail contact at the con-

tinuous and jointed rail  

⩺ To determine the maximum braking forces and heat power at the rail head-wheel 

tread contact during braking 

 

1.4. Methodology 
 

This part of thesis is aimed to discuss the scientific procedures used in order to accomplish 

the research objectives and how the appropriate solutions for the branded problems would be 

achieved in this paper work. 

 Research Approaches 

 

In this study, the first method is reviewing the literatures from reference books, internet web-

sites, different articles, related previous researches and journals. The next approach is gather-

ing the wheel-rail geometrical data. Then, the modeling and making analysis for the given 

data conditions was done for the further discussions. 
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[[Data Collection Approaches 

 

The two types of data collections method would be used for this study. The study commenced 

with the collection of sources of data. Executively, the method of data collection process for 

the study is conducted in primary perspectives views are the data from the documented de-

sign and constructions departments of Ethiopian LRT projects. These data include: geometry 

of wheel and rail, rail joint component data, rail-pad, concrete dimensions and basalt specifi-

cations of the tracks. 

 

Geometrical and Mathematical Model 

 

The geometry of wheel, rail, rail joint components, rail-pad, and concrete are made according 

to the specifications and standards. The 3D physical modeling and assembly will be done by 

the CATIA software package.  The mathematical models for the manual and analytical meth-

ods are developed. The analysis formula and interaction of contact mechanics based on dif-

ferent theories will be practiced. The mechanisms of vibrations are explained using an analo-

gous mechanical model of a friction oscillator excited by a moving wheel base on the rail 

track. Further, the analyses consider the stiffness and damping effects of the polyethylene 

rail-pad and ballast to come up with accurate results. 

 

Simulation Modeling and Analysis 

 

The Simulation was done by ANSYS-12 workbench commercial software package. It starts 

by making material selection from the engineering data, making boundary conditions and 

load applications. For the analysis, the static load effects, dynamic modal vibrations (natural 

frequencies) and modes shapes, transient structural and thermo-mechanical effects were in-

vestigated. Next, retrieving the results, further discussions, and validation with the concerned 

standards were done. 
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Fig.-4: Modeling and analysis frame works [Author] 

 

1.5. The Scope and Limitation of the Study 
 

It is understandable that the dynamic and thermal effect is formed at each contact components 

of the train. In this study, the dynamic and thermal effect of the rail during gradient braking at 

the wheel rail interface; with continuous and jointed rails would be analyzed by considering 

rail pad and basalt effect (stiffness and damping). 

 

The limitations of the researches are that the thermal transient partitioning between the rail 

and wheel is difficult to quantify accurately because of the closely coupled nature of the 

wheel and rail and their proximity to one another. The other problem is the difficulty in get-

ting track data, the document was written by Chine language and the complexity of contact 

geometry at the rail joints and curvature points is the other challenges. 

Dimensions and Specifications 

3D (Solid) Model 

(By CATIAV5-R16) 

Finite Element Support 

(By ANSYS-12 Workbench) 

Static Load Effect Analysis 

Modal Analysis Transient Structural (MBD) Transient Thermal 

Is it Val-

id? 

Final Results 

Yes 

Transient Structural (ANSYS) 
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1.6. Significance of the Study 

 

From this work, the passenger and the AA LRT get positive aids. It provides the first cut-off 

vibration frequencies values with validation with standards. It shows the thermal stress and 

temperature rise during braking at the maximum gradient of AA LRT. In addition, the transi-

ent MBD effects at the rail joints also displayed. The benefits of this research work is to con-

tribute:  the wheel-rail contact tramcar vibration frequencies, maximum friction forces, heat 

flux generated at the contact patch,  vertical displacement, velocity acceleration, critical ve-

locity and maximum temperature rise at the contacting area . 

 

1.7. Expected Outcome 

 

Undoubtedly, the measurable expected outcomes are: 

 The natural frequencies and mode shapes occur at the continuous and rail joint of wheel-

rail contact. 

 The thermo-mechanical effects on the rail at the wheel-rail contacts during braking 

 The transient structural (MBD) effects on the rail at the wheel-rail contact for jointed rail  

 The maximum friction forces, heat power and temperature gradient at the rail head-

wheel tread contact during braking 

 

1.8. Organization of the Thesis 

The body of this thesis is divided into five main chapters. The first chapter discusses back-

ground and justifications of the study, rational of the problem, objectives and methodology of 

the study. The second chapter covers the review of some of the journal articles, proceedings 

and publications which were referred to during the course of the thesis. Also, in relation and 

comparison with previous works, what is done in this thesis will be stated. The mathematical 

and finite element modeling of the dynamic and thermal analysis during braking at different 

track level conditions were discussed in the third chapter. Multi body models representing rail 

track structure are presented. The results obtained from the static, modal, transient structural 

(ANSYS), transient structural (MBD), and thermo-mechanical analysis of the rail were in-

cluded in the fourth chapter. Finally, the fifth chapter covers conclusions drawn based on the 

results of the analysis, and recommendations for future work. 
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CHAPTER-TWO: LITERATURE REVIEWS 

 

2.1. Introduction 

 
 

This is one of the portions of the paper that reviews the previous related works which are 

basic for this thesis works. Some of them may have a direct relation with this work whereas 

the others may have indirect relations, but it will add incredible values to the investigations. 

One must verify the value of the optimum vibratory impact forces resulting from the wheel - 

rail cooperation, which is related to maintaining vehicle stability in the new work conditions. 

[15], the railway track structure always starts to vibrate in lateral direction, following the vi-

bration way of rails as simply supported beam. And, depending on the connection conditions 

between the track components, after reach certain frequency the vertical vibration modes get 

the domination. Also, the speed of the moving train has a significant dynamic effect on the 

track-bed. As the train speed increases, the displacement pattern of track-bed changes from 

symmetrical to asymmetrical.  

 

The source to train-induced vibrations is the movement of the train along the track and the 

interaction occurring between wheel, rail, and track structure. According to [29] of the exper-

imental investigation, the squeal noise in tramway occurs at the sharp curves. [35], studied 

the effect of lateral adhesion and rolling speed on wheel squeal noise and results showed that 

the sound pressure level and vibration velocity of the wheel increases substantially as the an-

gle of attack reaches and exceeds the value around 8 mrad. The other study dealt with, the top 

rail friction control for curve noise mitigation and corrugation rate reduction. So, top of rail 

friction modifiers are designed, and controlled the frictional characteristics at the wheel-rail 

interface that influence noise, corrugations, and lateral forces, and wheel roughness increases 

the vibration levels generated at the wheel rail interface [13].  

 

Vibration from trains manifests itself in two main ways. In some situations people can feel it 

and the effect can be exacerbated by floor resonances within a building. Secondary effects 

include noise radiation and disturbance of fixture and fittings [30]. [3], researched on an in-

vestigation into the use of time-frequency analysis of vibrations in railway vehicles for early 

detection of wheel flats and rail surface defects. It is used for identifying the content of a sig-

nal in the frequency domain without losing information about its time domain characteristics 

and the three analysis techniques: short-time-Fourier-transform, wigner-ville transform, and 

wavelet transform are investigated. The other studies presented that measurement of rolling 
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stock influence on railway vibrations and an overview of rolling stock mitigation measures 

[28].  

 

According to [32], the flat is a serious fault of the rolling surface of the railway wheel. It ap-

pears when the wheel is blocked and slides on the rail at the rail joint (external tribology ef-

fect) and during braking process (internal effect) due to the wear. The rolling of the wheel flat 

is dangerous due to the impact force, which applies stresses both to the track and the wheel 

and generates impact noise. The study concluded that when the speed increases or the flat has 

larger dimensions, the wheel-rail contact might be lost during impact. As the vehicle speed 

increases, the impact force increases too. Although, a relative maximum may be observed, 

the frequency of „passing over the flat‟ is a little higher than the wheel-rail first own frequen-

cy. If the rail pad stiffness is smaller, the impact force is small at low speeds and increases at 

high speeds. Combining this aspect with the one presented above, the conclusion is that the 

rigid rail pad is preferred. The time domain analysis of the flat wheel-rail interaction is inter-

esting not only for determining the aggressiveness of the flat fault on the wheel-rail system, 

but also for the noise level calculation as well, starting with the spectra of the impact force. 

[2], a 3-dimensional finite element model for railway track analysis under impact forces by 

wheel flats are better approach to reality than the 2-dimensional finite element model. Also, it 

has found that the relationships between both incremental wheel-rail and sleeper impact forc-

es and static wheel load are nonlinear, but monotonically increasing by increasing the static 

wheel load. According to the relationship between impact force and vehicle speed, the track 

engineers can realize that the maximum impact force occurs on sleepers at a critical speed but 

not the highest vehicle speed with specific static wheel loads under wheel flats. That critical 

speed may occur more frequently than the highest speed. 

 

According to [5], the dynamic response of the wheel on irregular rail track can be analyzed 

with analytical approach using the method of Multiple Scales (MMS). The frequency of vi-

bration and the dynamic motion of the center of the wheel were determined. From Compari-

sons, the analytical results are very close to those extracted by the numerical methods. Also, 

investigation on effects of preload on natural frequency has been shown that natural frequen-

cy increases by increasing the wheel-set preload. [6], the interoperability of the European rail 

transportation is affected by wheel profiles and the different rail inclination that varies be-

tween 1/40 and 1/20. This greater rail inclination leads to greater maximum pressures. There-

fore, the rail inclination appears to be a major factor to influence the shape of the real contact 
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area and consequently the entire 3D elastic pressure distributions. The lateral displacement of 

the wheel alters considerably both, the shape of the real contact area and the maximum value 

of the pressure distribution.  It has been noted that the more plain profiles wear, the less in-

fluence of the wheel-set lateral displacement appeared.  

 
 

[24], provides an overview of the study of the rolling contact problem as it relates to railway 

wheel / rail interaction. It is focused on the development of ABAQUS models of the contact 

occurring at both the wheel tread/rail head and the wheel flange/rail head interface under a 

range of railway operating conditions that occur at these interfaces. The situation with heavy 

haul rail operations is that the payloads have been increasing to the point where the factors of 

safety used no longer accommodate this uncertainty in the magnitude of loads under extreme 

operating conditions. it is believed  that the reverse approach may be more beneficial  and the 

nature of the loads occurring in practice be determined by the development of a sound 

knowledge of the failure mechanisms and the propagating stress conditions.  

 

[33], model the wheel and the rail as elastic deformable bodies and requires numerical solu-

tions. In this section, results of the numerical analysis by finite element method (FEM) in 

rail-wheel collection under static loading are presented. Results shown that two critical and 

dangerous surfaces in collection of rail and wheel statistically. Elliptical, rectangular and cir-

cular contact surfaces were assumed for numerical stress analysis. These results show that 

stresses were similar to the exact analytical results by assumption of elliptical contact surface. 

As well as, results of contact stress with assumption of rectangular contact surface were more 

accurate than the contact stress results by assumption of circular contact surface. In addition 

stresses are approximately equal in small loadings unlike a high loads. These critical surfaces 

may be cause creation of micro and macro cracks. Eventually, good agreement was found 

between finite element method (FEM) and previous analytical results for determination of 

contact stress in rolling bodies. 

 

[27], predicted train induced vibrations by a numerical model. The dynamic interaction be-

tween the wheel-sets and the rail is accomplished by using the non-linear Hertzian model 

with hysteresis damping. A sensitivity analysis is done to evaluate the variables affecting 

more the maintenance costs. The rail-sleeper contact is assumed extended to an area defined 

contact-zone, rather than a single point assumption which fits better real case studies.  [25], 

investigated the effects of axle load and train speed at rail joint. The results from the present 

investigation are indicates that the axle load has a larger effect on the stresses and strain at the 
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constant speed. It indicated that the von mises stresses, the maximum shear stress and the 

Equivalent elastic strain are increases linearly with increasing axle load and the effect of train 

speed on above parameters is relatively weak. The results also indicate that the effect of train 

speed is relatively weak than to the axle load.   

 

[36], study used an elastic-plastic and coupled temperature-displacement finite element mod-

el to investigate the effect of rail corrugation on the wheel-rail thermal contact pressure and 

temperature distributions during wheel braking. Contact elements were used to simulate the 

contact between a wheel and a corrugated rail. Various wavelengths and amplitudes of corru-

gated rail as well as braking speeds are considered in this study. The results indicate that, in 

the wheel-rail contact area, the rail corrugation affects the contact pressure and temperature 

distributions significantly. The corrugated rail can lead to a wavy contact pressure and tem-

perature distributions on the rail surface. A larger corrugated wavelength and a smaller half-

amplitude can both result in smaller amplitude of temperature fluctuation. A larger corrugat-

ed rail amplitude and a smaller wavelength results in a larger variation in the contact pressure 

peak pmax. In this study, a wheel and a corrugated rail contact is assumed as the contact of a 

cylinder and a plate. A function of z(x) = [1+ cos (2  x / L)] is used for the plate surface to 

simulate the corrugated rail. 

 
The aim of this research is to investigate the dynamic and thermo-mechanical effects of the 

contacts between vehicles and rail track. It includes confirming the first cut-off vibration fre-

quencies values and mode shapes with the standards, determining the frictional force and par-

titioned heat flux, verification of the thermal effect at the down grade braking and weigh tran-

sient structural(MBD) effects at the rail joints. The analysis would also be developed at dif-

ferent wheel-rail contact conditions. These are vehicle resistances at minimum curves, rail 

loading at continuum head and loading effect at rail-joints. The model of contacts would be 

figured with 3D by CATIA V-5 R-16 and simulation finite element analysis is done by using 

ANSYS-12 workbench. 

  

2.2. The Rail 

 

Rails are the longitudinal steel members that directly guide the train wheels evenly and con-

tinuously. They provide smooth running surfaces for the train wheels and guide the wheel-

sets in the direction of the track. The rails also accommodate the wheel loads and distribute 

these loads over the sleepers or supports. Lateral forces from the wheel-sets and longitudinal 
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forces due to traction and braking of the train are also transmitted to the sleepers and further 

down into the track bed. The rails also act as electrical conductor for the signaling system. A 

modern steel rail has a flat bottom and its cross section is derived from an I-profile. The up-

per flanges of the I-profile have been converted to form the rail head [15]. 

 

Using mathematical modeling, the bending vibration of a free rail can be modeled as a beam 

with no support along it; the rail beam model is supported only at the boundaries. Also, a fi-

nite element discretization is used to model the rail. Considering insignificant the axial dis-

placement, we discretized the rail with Timoshenko beam finite elements with two degrees of 

freedom: rotation and vertical displacement. The algorithm allows choosing the number of 

beam elements between two sleepers and the number of beam elements vertically connected 

to sleeper by pads. The motion equation for rail may be expressed as [26]: 

 

    ̈  +     ̇   +       =      +                                                                  (2.1) 

 

The force-deflection relation to the contact stiffness is assumed to follow the Hertz law and 

can be given by [26]:  

  

      (        )
 

 ⁄                                                                             (2.2) 

 

2.2.1. Rail Joints 

 
Rail joint are used to connect the ends of two rails horizontally and vertically. Its length rang-

es from 11.8 meter to 25meter. The continuity of the railway track is breaks due to the exist-

ence of rail gap and difference in the height of the rail heads. Because of the above reasons 

rail joints are weaker than the rails and subjected to large stress. The joint bars prevent lateral 

or vertical movement of the rail ends and permit the longitudinal movement of the rails for 

expanding or contracting. Each rail section has a designated drilling pattern (spacing of holes 

from the end of the rail as well as dimension above the base) that must be matched by the 

joint bars. Although many sections utilize the same hole spacing and are even close with re-

gard to web height, it is essential that the right bars are used so that fishing angles and radii 

are matched. Failure to do so will result in an inadequately supported joint and will promote 

rail defects such as head and web separations and bolt hole breaks [26]. 
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Fig.-5 : Atypical bolt jointed rail  

Rail joints provide discrete inputs to the wheel-rail system that induce quite large contact 

force variations. Rail joints can be characterized by a gap width and a step height (either up 

or down). Moreover, the rail often dips down to a joint on both sides. Such dips are also pre-

sent at welds, and are usually characterized in terms of the angle at the joint [12]. 

 

2.3. Wheel-rail Contact Interactions 

The dynamic behavior of railway vehicle is greatly affected by the rail-wheel dynamic inter-

actions. The wheel-rail contact is a critical aspect of vehicle performance and railway system 

reliability and is influenced by many factors, such as vehicle suspension, track geometry, 

wheel and rail profiles. Differences in design parameters between railway networks create 

problems for interoperability.  

2.3.1. Hertzian Theory Interactions 

The wheel-rail contact problem was first solved regarding the contact as a cylinder rolling 

over a plane 2D problem. Three decades later, modeled the shape and size of the contact area 

and pressure distribution considering the Hertzian three-dimensional solution [6]. This work 

dealt with the Hertzian interactions of wheel and rail track. 

 

2.3.2. Non-Hertzian Contact Theory 

 

In reality, the wheel-rail contact is a non-Hertzian contact because of the following violations 

of the Hertzian assumptions:  

 the surfaces within the contact regions cannot be expressed in quadratic form;  

 the common generatrix has a finite length;  

 the contacting surfaces are not smooth;  

 friction is present in the contact area.  
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According to [15], assuming a circular contact area with a radius equal to the geometrical 

mean of the elliptical radii and an infinite radius of the transverse wheel profile, an approxi-

mate expression for the non-linear Hertzian contact stiffness is given by: 

 

     √
        √    

 (    ) 

 

                                                                                    (2.3) 

 

2.4. Contact Geometry 

  

 The wheel-rail contact can be described by the general case of an elliptic contact surface. 

This interaction (wheel-rail) mainly depends on wheel-rail contact geometry. The changes in 

contacting geometry of rail-wheel depends on different parameters like the variation of wheel 

and rail profile, track gauge, rail inclinations, railhead surface irregularities, and flexibility of 

rail support. The main parameters influencing the wheel rail contact geometry are the profiles 

of wheels and rails, rail inclination and track gauge.  

 

The semi-axes (a, b) of the contact ellipse depend on the geometry of the wheel and the rail 

profile. According to Hertz‟s theory, the semi-axes can be calculated as [16] 
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Where,  is the angle between the normal planes that contain 
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 . Coefficients m and n 

depend on the ratio
  

  
 and    can be defined as: 

(2.6) 
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The direction of the axes of the contact ellipse can be determined based on the radii of 

curvature and the rolling radii for the two bodies in contact: 

If 
 

   
 

 

   
  

 

   
 

 

   
 : the transverse semi axis of the contact ellipse (y direction) is 

greater than or equal to the longitudinal semi-aixs. 

If 
 

   
 

 

   
  

 

   
 

 

   
 : the transverse semi axis of the contact ellipse (y direction) is 

less than or equal to the longitudinal semi-axis. 

 

Fig.-6: Elliptical, Hertzian contact patch [16] 

 

2.5. Wheel-rail Contact Vibrations 

 

Vibration is a dynamic behavior of a physical system in which a system oscillates or repeats 

itself after an interval of time about a certain equilibrium position. A vibratory system is a 

dynamic system for which the variables such as the excitations (inputs) and responses (out-

puts) are time-dependent. The response of a vibrating system generally depends on the initial 

conditions as well as the external excitations. It can be realized that the relationship between 

force and deflection is nonlinear. Modeling the system with a mass and a nonlinear spring, 

the vibration equation is obtained as [5]: 

  ̈      
 

 ⁄                                                                                                      (2.8) 
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Where,      
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When the wheel rotates on the sinusoidal rail surface, the vibration equation can be rewrite as 

follow: 
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Where, m is the equivalent mass and x is the vertical displacement of the center of the wheel 

and      is amplitude of rail irregularities and C is a function of the geometric and mechani-

cal properties of the system. 

 

2.6. Thermal Analysis during Braking 

 

2.6.1. The Tramcar Braking Energy  

 

During the process of braking, available energy of the tramcar that must be transformed into 

frictional heat. The energy of the tram will be dissipated by the work of the braking. Thus, the 

frictional dissipated heat energy by braking and resistance forces are equivalent to the total 

mechanical available energy (kinetic energy (Ek) and potential energy (Ep)) of the tramcar. 

But, the determination of effective braking energy depends up-on the different track condi-

tions. The general energy equation is [6]: 

 

        ∫        
  

 
∫      

  

 
                                                                             (2.13) 

 

 
     

  
 

 
   

          
 

    
  ∫        

  

 
∫      

  

 
                                  (2.14) 

 

Where,      is maximum velocity, M is mass of the tramcar, I is polar inertial moment of 

rotating parts, ⍵o is angular velocity of rotating parts,    is track gradient  [mm/m], Sb is 

braking distance,    is the maximum instantaneous braking force in [N] and R is the re-

sistance forces in [N]. 
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2.6.2. Transient Thermal  

 

The wheel and rail dissipate the heat produced at the boundary between the rail and the wheel 

by convection and radiation. The heat dissipation from the free surfaces of the wheel and rail 

to the surrounding air is described by both convection and radiation as [22]: 

 

     (    )    (     
 )                                                                        (2.15) 

 

Where, h equals the convective film coefficient, ε is the material‟s emissivity, ζ is the Stefan-

Boltzmann constant (5.67*10
−8

), and    is the temperature of the surrounding air. 

 

The other main part of the transient model is the heat conduction through the rail and the 

wheel by the transient heat transfer equation as [22]: 
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Where, for materials of the wheel and the rail,    is the density, k is the thermal conductivity, 

Cp is the specific heat capacity, u is the velocity field, and Q is the heating power per unit 

volume of internal source, which in this case is set to zero. Thus, the above equation be-

comes: 
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The temperature rise because of frictional heat at the contact patch was distributed to the 

wheel and rail according to the heat partitioning parameter. Thus, maximum temperature rise 

in the wheel rail interface is given by equation [6]: 
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√ (  )                                                                            (2.19) 
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CHAPTER-THREE: PYSICAL AND MATHEMATICAL MODELING 

 

3.1. Physical Modeling 

 

The 3D physical modeling and assembly is done by the software package of CATIA-V5-R16. 

The CATIAV5R16 is 3D mechanical design software for creating 3D prototypes, used to de-

sign, visualize and simulate of the analysis. The model assembly components are: wheel, con-

tinuous and bolt jointed rail, rail-pads, concrete sleepers and gravel ballast. The standard bolt 

jointed rail contains: the left and right rails, fish plates, bolts; nuts and washers that are used 

to secure the rail fastening assembly.  

 

 

 

 

Fig.-7: 3D Catia modeling of wheel, bolt-jointed rail and track assembly 
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Fig.-8: Addis Ababa LRT track 

 

 

 

 

 

Fig.-9: Rail-joint components model 
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Table-1: Technical parameters used for the analysis [7, 8, 19, 23, 34] 

Components Parameters Values 

Wheel 

(ER9, EN13262) 

 

Diameter 660   (mm) 

Young‟s modulus 210   (GPa) 

Poisson‟s ratio 0.3 

Mass density 7850  (kg/m) 

Rail: 50Kg/m 

(GB2585 (2007); 

TB/T234(2003)) 

Young‟s modulus 210  (GPa) 

Poisson‟s ratio 0.3 

Mass density 7850  (kg/m) 

Mass Moment of Inertia 2037  (cm
4
) 

Rail height 152  (mm) 

Web thickness 15.5  (mm) 

Head width 70  (mm) 

Apparent head width 46  (mm) 

Base width 132  (mm) 

Rail Pad  

(Polyethylene) 

Young‟s Modulus 1.1e+009  (Pa) 

Poisson‟s Ratio 0.42 

Stiffness  (50～70) MN/m 

Damping ratio 50  KN s/m 

Thickness 8  (mm) 

Track Gauge 1435 (mm) 

Sleeper 

(Concrete) 

Young‟s Modulus 3.e+010  (Pa) 

Poisson‟s Ratio 0.18 

Spacing 0.658  (m) 

 

Ballast (Gravel) 

Stiffness 120  M N/m 

Damping ratio 70  KN s/m 

Thickness   450  (mm) 

Vehicle  Max. Operating Speed ≤ 70  (Km/hr) 

Rotational gravitation 9.81  (m/s
2
) 

Axle load ≤11 （1+3%）[t] 

Fish plate Length 0.820  (m) 

Thickness 0.019 (m) 

Bolt and Nut   M31 
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3.2. Mathematical Modeling 

The mathematical model for the analysis contains: the inertia force, damping force and stiff-

ness force together with externally applied force that will form the equation of equilibrium 

between them, which is called the „equation of motion‟ that defines the dynamic behavior of 

the wheel-rail structure [20, 32]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                     Fig.-10: Dynamic model for rail ballasted track 

 

, -* ̈+ + , -* ̇+  + , -* +  = * +                                                                                   (3.1) 

 

Where M is the mass matrix, C is the damping matrix, K is the stiffness matrix and {F} is the 

column vector of forces on the vehicle wheel loading area. 
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F(t) is the rail reaction in the contact point and the static load is F0 = g(Ma + Mw) with g as the 

gravitational acceleration. The {F} vector has this particular form because the elastic element 

from the suspension is pre-loaded by the car body weight. Supposing that the mass of sleep-

ers are not considered and the stiffness and damping coefficient of rail pad and ballast is in 

series and parallel to the near-by assembled orientations [20]:  

 

    
      

        
 ;       

      

        
 ;                                                                      (3.3) 

and 

    
      

        
  ;      

      

        
 ;                                                                      (3.4) 

 

Assuming a circular contact area with a radius equal to the geometrical mean of the elliptical 

radii and an infinite radius of the transverse wheel profile, an approximate expression for the 

non-linear Hertzian contact stiffness is given by [From equation(2.3)]: 

     √
        √    

 (    ) 

 

 

Thus,  

     √
 (       )        √        

 (  (   ) ) 

 

              

 

3.3. Resonances 

 

A condition known as resonance occurs, if the frequency of the external force coincides with 

one of the natural frequencies of the system. Resonant vibration is mainly caused by an inter-

action between the inertial and elastic properties of the materials within a structure. Reso-

nance is often the cause of, or at least a contributing factor to many of the vibration. Several 

well damped resonances can be found in a track structure. At or near the natural frequency of 

a mode, the overall vibration shape (“operating deflection shape”) of a structure will tend to 

be dominated by the mode shape of the resonance. As a consequence of discretely supporting 

beams like rails, the rail in the track „frame-work‟ will obtain vibration modes related to this 

type of supporting. The most important vibration mode resembles a kind of bending between 

discrete points and pins. With some simplifying assumptions, the pin-pin vibration resonance 

occurs at a specific frequency (fpp), which can be calculated by [15]: 
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A critical velocity of the rail-foundation system defined as „a speed at which dramatic in-

creases in the rail displacement is observed‟ has been presented [15]: 
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                                                                                                           (3.6) 
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3.4. Modal Analysis 

 

Modal analysis is the study of the dynamic character of a system which is defined inde-

pendently from the loads applied to the system and the response of the system. The modal 

characteristics of the structure are used to determine the response of the system [25]. Modes 

are inherent properties of a structure, and are determined by the material properties (mass, 

damping, and stiffness), and boundary conditions of the structure. Each mode is defined by a 

natural (modal or resonant) frequency, modal damping, and a mode shape (i.e. the so-called 

“modal parameters”). If either the material properties or the boundary conditions of a struc-

ture change, its modes will change. A rigid body of rail has six degrees of freedom at the 

wheel-rail contact in 3D- modeling when the contact patch builds between the two supporting 

sleepers. 

 

These are three degrees of freedom in translations (longitudinal-X, lateral-Y and vertical-Z): 

to define the position of the center of gravity from the inertial system and three degrees of 

freedom in angular movements (roll-Ф, pitch-Ω and yaw-ψ): to define the rotation of the rail 

about the longitudinal, lateral and vertical axes. The Cartesian coordinate orientations could 

be sated as: 
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Fig.-11: Cartesian coordinate orientations 

 

3.4.1. Modal Analysis Using ANSYS 

 

Vibrational analysis of a rail can be done on ANSYS by providing structural data and load 

conditions on different supports. Modal analysis in ANSYS is used to find the rail‟s natural 

frequencies. The frequency response function represents the ratio of output over input signals. 

The frequency response is a function of frequency and reaches its maximum value at natural 

frequency. The modeling and analysis procedure is the following: 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 

 

Fig.-12: Analyses frame work by ANSYS 
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3.5. Wear Rate of the Rail 

The wear rate model is sensitive to vehicle characteristics through their effect on the wheel-

rail contact patch, in particular contact patch size and shape, normal load and traction coeffi-

cient. The wear model of the rail U71Mn which its mechanical properties are equivalent to 

R260Mn on the dry contact was used to study the effect on rail of vehicle characteristics 

through their effect on the wheel-rail contact. The patch was assumed to be elliptical and the 

pressure distribution to be Hertzian; in addition, the contact was assumed to be on the top the 

rail, suitable for straight track, not curves, and the traction to be longitudinal only. To calcu-

late profile area loss, the wear rate should be multiplied by the width of the contact. The wear 

rate equation is given as [17]: 

 

     
  

 
.   
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(         )                                                                           (3.7) 

Thus,       
   

    
 .  

   

    
/
 

 (             )                 and, 

 

Area loss= 0.046*1.53=0.07nm
2
/cycle 

 

The quality of rails is prescribed by international standards: the European Union of Railways 

UIC 860 and EN13674. The new European standard EN 13674, which deals with issues of 

quality rail, takes into account the increasing demands for safety and economy of railway 

traffic. European standard EN 13674 includes symmetrical rails with wide rate of mass ≥46 

kg/m. For a selection of different types of rails, the corresponding chemical composition and 

mechanical property requirements according to standard UIC 860 - 1. Carbon influences the 

mechanical properties through the volume fraction of cementite and the content of pearlite. 

Manganese influences the temperature decrease of the eutectoid reaction and the fineness of 

pearlite lamellae, that is, the reduction in the inter-lamellar distance. The wear rate for a rail 

of pearlite structure is [4]: 

 

        .   
  

    
  

  

  
/                                                                                  (3.8) 

 

Where: W represents the wear rate expressed as volume loss per unit of path over which slid-

ing occurs, and C, Mn, Si represent the percentage contents of carbon, manganese and silicon 

respectively. 
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3.6. Thermo-mechanical Analysis during Braking 

 

An undoubted that the wheel-rail contact temperature rises much higher during braking than 

the normal traveling conditions. Thus, the thermo-mechanical analysis during braking is fea-

sible and needed. But, the thermal analysis of wheel-rail contact depends up-on the different 

track level conditions. The following three cases (braking at downhill, straight track and 

curved track) are considered and the transient thermal analysis is done for maximum braking 

load on the rail. 

 

Table-2: Technical data provided for the thermal analysis [7, 8, 11, 19] 

Parameters Values 

Axle load(M) ≤11（1+3%）[t] 

Start velocity( v0 ) 19.44 [m/s] 

Deceleration (a)  1.35[m/s
2
] 

Braking time (tb ) 14.40 [s] 

Radius of the wheel (rw ) 0.33[m] 

Maximum Gradient of the track (δ)  50[‰] 

Minimum curvature of rail track  50 [m] 

wheel-rail Coefficient of friction [μ] 0.35 

Traction coefficient 0.3 

Initial temperature (To) 22( ) 

Ambient temperature above the ground +10 ～+30  

Principal rolling radius of the wheel (  
 ) 0.33 [m] 

Transverse radius of curvature of the rail pro-

file at the contact point (  
 ) 

0.30 [m] 

 

 

3.6.1. Braking Energy at the Downgrade 

 

During the process of braking, available energy of the tramcar that must be transformed into 

frictional heat, need to be determined accurately. This study considers the kinetic as well as 

the potential (while running on slopes) energy of the tram that must be dissipated by the work 

of the braking. Rail vehicles have important masses in rotation. Therefore, the contribution of 
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rotational kinetic energy is taken in to account. The initial kinetic energy imposed in to the 

tramcar is given by the sum total of translational and rotational [5]: 

 

    
 

 
   

  
 

 
   

                                                                                                        (3.9) 

And, the moment of inertia of the rotating parts can be calculated by using the equation be-

low. 

  ∑   
 
     

                                                                                                                  (3.10) 

Where, 

mi represents the masses of the rotating parts 

ri represents the rotation radius of the rotating parts from the center of rotation 

For this case, all the rotating parts are fixed on the axle of the wheel set and the rotation axis 

could be taken as the tangent line joining the contact point of the rail heads with wheel set of 

the tramcar. It is the parallel to the axis of the wheel axle. Hence, the rotating radius is and 

equal to the radius of the wheel (   ). But, in most analysis the contribution of the rotating 

masses are taken to be 10% the tare weight of the axle load of the train. Thus, the term 
 

      

accounts to the rotational masses involved and its value equals 0.1[11]. 
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                                             (3.11) 

The potential energy of the tramcar depends on the track gradient δ [mm/m] and on the trav-

elled distance Sb. The exact definition of gradient is tanα where α is angle of inclination. Ac-

cording to EN 14531-6, for calculation of external forces that result from gradients in railway 

applications, the Simplification sin α = tanα is commonly used. Therefore the potential ener-

gy is expressed as [5, 11]: 

         
 

    
                                                                                                             (3.12) 

Therefore, the total available braking energy of the tramcar is determined from the equation 

below. 

    
 

 
   

 ,   -        
 

    
                                                                                    (3.13) 

When the tramcar begins to brake, the train lost power and will stop by frictional forces. The 

total work of brake force during the whole brake cycle equals with the total heat generated.  

The imposed mechanical energy theoretically transformed to frictional heat. According to EN 
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14531-6 [11], the frictional heat generated is the area under heat power versus braking time 

as shown below. 

 

 

 

 

 

Fig.13: Heat input during braking 
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                                                              (3.15) 

The railway tramcar running with initial velocity (vo) is supposed to stand still with constant 

deceleration (a). Its linear translational velocity as function of time (t) is given by: 

 ( )                                                                                                                     (3.16) 

The braking distance seems to be extremely appropriate for designating the braking capacity, 

because it is direct effect of braking forces and all other implied factors, being measurable 

and permitting comparisons for evaluating the braking efficiency. The total braking time and 

distance can also be calculated by the formula [13]:  

        
 

 
   

                                                                                                             (3.17) 

   
  

 
                                                                                                                               (3.18) 

 

The vehicles shall be 70% low-floor articulated 6-axle modern trams, consisting of three 

modules, bi-directional driving. Two tramcars shall be able to operate with double heading. 

Train formation: –Mc+Tp+Mc– Where, 

 Mc module: motor car with driver‟s cab 

 Tp module: trailer without driver‟s cab and with pantograph 

t [s] 

 

P(t) [w] 

Pmax 

tb 

q 
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  +: articulation device and -: Hidden folding coupler 

McMc T

 

                    Fig.-14: Addis Ababa LRT tramcar model [8]                                                               

The tramcar stop braking on track derives from the physical model for determination of the 

heat transfer in dependency from the braking time. The weight distribution of the tramcar 

considered is equally distributed between on both the front and rear bogies, and each bogie 

consists of three six axles. Every axle is equipped with two wheel mounted hydraulic disc 

brakes. This means two disc brakes are fitted per axle. Hence, only 1/2 of the whole brake 

force is applied to one disc from the forward part of the carriage. The braking energy for one 

wheel considering constant deceleration is: 
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3.6.2. Braking Energy at the Straight Track 

 

During the process of braking at the straight track, the total mechanical available energy of 

the tramcar that must be transformed into frictional heat is only the kinetic energy, not con-

sidering the other resistance forces. This study considers the kinetic energy of the tram that 

must be dissipated by the work of the braking. Rail vehicles have important masses in rota-

tion. Therefore, the contribution of rotational kinetic energy is taken in to account. The initial 
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kinetic energy imposed in to the tramcar is given by the sum total of translational and rota-

tional [5]: 

    
 

 
   

  
 

 
   

  

Therefore, the total available braking energy of the tramcar; not considering an aerodynamic 

resistance effect is determined from the equation below. 
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3.6.3. Braking Energy at the Curved Track 

 

The determination of effective braking energy at the curved track, by considering the kinetic 

energy (Ek) of the vehicle/train that is dissipated by the work of the braking and resistance 

forces [5]. Because the rail vehicles have important masses in rotation, their rotation kinetic 

energy must not be neglected. Thus, the total mechanical energy is only kinetic energy and 

the energy equation is [5, 11]: 
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                                                (3.23) 

 

Curve resistance (  ) comprises force which is due to carvature of rail track. If c is curve re-

sistance of train [11]: 

  c= 
   

 
    (kg/t)    and  Fc = M*c      (N)                                                                          (3.24) 

Where, M is mass of the train in tonne, c is in Newton per tonne train mass (N/t) and R is 

minimum radius of track in meters and the curve radii is ≤ 150m. 
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c= 
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The possible maximum braking force is critical for the basic wheel/rail adhesion dependent 

braking systems. The wheel running along the rail will be necessarily accompanied with mi-

cro-sliding between wheel and rail and both wheel and rail will be rubbed locally. In the theo-

ry of railway traction and braking, the wheel-rail contact state with micro-sliding is called 

adhesion state and the technical term “adhesion” is used to replace the word “static friction” 

in the analysis of wheel-rail tangent force. Therefore, the friction braking force is equivalent 

to the adhesion tangent friction forces at the wheel-rail contact patch and the braking force 

obtained at the three track level conditions are used for the analysis. 

 

3.7. Wheel-Rail Contact Parameters 

 

Many head of the rail profile consists of three transverse radii of curvature (namely: 300 mm, 

80 mm and 13 mm). But, the 50kg/m TB has two radii of contacts: 300 mm and 13 mm. 

Thus, the transverse radius of curvature of the rail profile at the contact point used is 

R=300mm. For this study, it is assumed that the wheel profile is cylindrical and the rail track 

is tangent, thus both the transverse radius of curvature of the wheel profile and the principal 

rolling radius of the rail (  
  and    

  ) become   . This means that it is reasonable to assume 

that: 
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From table appendix-A and by using interpolation: m=1.033 and n= 0.969 
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Therefore, since the major axis (a) is along the longitudinal direction, largest heat flux and 

the highest temperatures occur along the longitudinal axis which is parallel to the rolling di-

rection. 

3.8. Heat Energy  

In braking system, the mechanical energy is transformed into heat energy. The total heat gen-

erated (  ) in the brake system equals with the total mechanical energy (  ) lost from the 

tram. Hence, considering the energy balance [5]: 

                                                                                                                                (3.25) 

The heat power generated per unit contact area at the radius r of the wheel can be calculated 

as:  

 

                                                            ( )                                                                 (    )  
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The heat flux evacuated of surfaces in contact (between rail and wheel) is equal to the power 

friction.    

                 
  

 
  

  

   
                                   .   ⁄ /                                             (3.27) 

 

Amount of heat power flow to the wheel and rail with respect to braking duration is governed 

by the heat partitioning parameter (Ω) and in most analysis it was taken as 60-90 % of the 

total heat dissipated. Thus, the partitioned heat power flow through the rail, by taking parti-

tion factor 0.8 is calculated in the following table.  

                                                                                (w)                                                  (3.28) 
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Table-3: Summary for the thermal analytical results  

Parameter Formula Downgrade Straight track Curved track 

Braking force (Fb)-[N]  11191.21 8412.52 6856.52 

Friction force (Ff)-[N] Fb *μs 3916.92 2944.38 2399.78 

Total heat power (  )-[w]     

    

76146.17 57239.67 46652.48 

Total heat flux-0
 

  1 
  

   
                            

Maximum contact pressure 

-[Gpa] 

  

    
 

1.14 1.14 1.14 

Rail heat power(  )- [w]     60916.94 45791.74 37321.99 

Rail heat flux - 0
 

  1 
    

   
 

                           

Apparent rail heat flux-0
 

  
1     

  
 

331070.33 248868.15 202836.90 
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3.9. Assumptions 

 

The following assumptions were taken for the whole analysis:- 

 Standard wheel threads are coned shapes. But, for simplicity the cylindrical 

shape is used for the analysis. 

  In this analysis, only the thermal raise between wheel and rail is considered. 

 However, in reality they have small clearance between them, the rail and fish plates are 

connected as bonded.  

 The nominal surface of contact between the rail and the wheel in operation is equal to 

the apparent surface in the sliding motion.  

 The contact pressure is uniformly distributed over all friction surfaces; the average of the 

intensity of heat flux into the rail on all the contact areas for the given length of rails is 

assumed to be equal and the heat transferred to the surrounding air, heat convection and 

heat radiation is neglected  

 

3.10. Material Selection 

 

From the common and inexpensive metals, steel has one of the highest values of elastic mod-

ulus (190-210) Gpa. For this reason, and because steel is relatively inexpensive and offers a 

very attractive combination of strength, ductility, and wear resistance,  almost all wheels and 

rails worldwide are made from plain carbon-manganese pearlite steel, which has a lamellar 

structure of iron and iron carbide.  

 

3.10.1. Wheel material  

The following table illustrates the chemistries and mechanical property values of a typical 

wheel used for Addis Ababa LRT as ER9 and EN13262. 

  

Table-4(a): Mechanical properties of the wheel material [8, 19] 

Steel category Yield 

Strength 

(N/mm
2
) 

Ultimate 

Strength 

(N/mm
2
) 

Elonga-

tion (%) 

 

Notch impact energy (J) 

UIC 

812-3 

EN 

13262 

EN 

13262 

UIC/EN UIC/EN UIC 812-3 

U-notch(RT) 

EN 13262 

V-notch(-20 ) 

R9T,E ER9 ≥ 580 900-1050 ≥ 12 ≥ 10 ≥ 8 
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Table-4(b): Chemical compositions of the wheel material 

Grade  

(Steel) 

Main elements Residual elements 

C Si Mn P S Cr Cu Mo Ni V 

ER9  0.60  0.40  0.80  0.04  0.04 0.03 0.30  0.08  0.30  0.05 

 

3.10.2. Rail and Fish plate material  

According to standard EN 13674, the U71Mn steel grade is the rail which mechanical proper-

ties are equivalent to R260Mn that introduce the qualified and accepted values. The following 

table shows the mechanical properties and chemical composition values with the heat treating 

residual elements of the rails and fish plate used for Addis Ababa LRT with standard code of 

GB2585-2007 and TB/T2344-2003[7, 8]. The increase in wear resistance is based on a theory 

of the mutual influence of certain elements. Carbon influences the mechanical properties 

through the volume fraction of cementite and the content of pearlite. Manganese influences 

the temperature decrease of the eutectoidal reaction and the fineness of pearlite lamellae, that 

is, the reduction in the inter-lamellar distance. So, the influence of residual alloying elements, 

such as carbon, manganese and silicon, on wear speed for a pearlite structure is much higher 

and the decimal composition values are shown in the following table. 

 

Table-5(a): Mechanical properties of the rail and fish plate [7, 8, 23, 34] 

 

Standard 

Type Steel 

grade 

Yield 

Strength 

(N/mm
2
) 

Ultimate  

Strength 

(N/mm2) 

Extensibility 

A (%) 

Hardness of 

Rail head 

(HBW10/3000) 

GB2585(2007)

TB/T234(2003)  

50 

kg/m 

U71 

Mn 

 

≥460 

 

≥880 

 

≥10 

 

260-300 

Rail type (kg/m) 50.00 

Section area ( cm
2
) 65.80 

Center of gravity from bottom of rail (cm) 7.10 

Center of gravity from ends of rail (cm) 8.10 

Moment inertia of Horizontal axis (cm
4
) 2037.00 

Moment inertia of vertical axis (cm
4
) 377.00 

Cross-section coefficient of bottom (cm
3
) 287.20 

Cross-section coefficient of top(cm
3
) 251.30 

Cross-section coefficient of bottom side edge (cm
3
) 57.10 

Coefficient of Thermal Expansion 1.2e-005 C^-1 
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Specific Heat 434 J kg^-1 C^-1 

Thermal Conductivity 60.5 W m^-1 C^-1 

Resistivity 1.7e-007 ohm m 

 

Table-5(b): Chemical compositions of the rail and fish plate 

Standard Type Steel 

grade 

Main elements Residual elements 

C Si Mn P S V Cr Cu Mo Ni 

G
B

2
5
8
5

-

2
0
0
7
; 

T
B

/T
2
3
4
4

-

2
0
0
3

 

5
0
k
g
/m

 

U
7
1
 M

n
 

0
.6

5
~

0
.7

6
 

0
.1

5
~

0
.3

5
 

1
.1

0
~

1
.4

0
 

≤
0
.0

3
0

 

≤
0
.0

3
0

 

≤
0
.0

3
0

 

0
.1

5
 

0
.1

5
 

0
.0

2
 

0
.1

0
 

 

3.11. Finite Element Modeling 

 

Finite Element Method is a mathematical modeling tool involving discretization of a continu-

ous domain using building-block entities called finite elements connected to each other by 

nodes for once and moment transfer. In this case, it is  used  to  analyze  the  response  of  the 

wheel-rail contact effects on the rail at the  continuous and jointed rail  due to the  static and 

dynamic loads. 

 

The analysis is done by importing of 3D assembled model from CATIA V5-R16 to ANSYS-

12 work bench that is then processed in order to clean up unnecessary details or components. 

The imported Model is then meshed to act like single entity. Finer mesh and close to exact 

solution can be achieved by controlling the mesh size to make the solution accurate. 

 

The ANSYS software implements equations that govern the behavior of elements and solves 

them all; creating a comprehensive explanation of how the system acts as a whole. When the 

wheel is contact element and the rail is target element, the wheel and rail will be different. 

The wheel structure discretized into 24106, the rail-joint components 43658, the polyethylene 

rail-pad 72 and the concrete sleeper 1800 elements. The interval time for the dynamic analy-

sis is 2.5 sec. and the maximum amount of time is 1sec. for the thermal finite element analy-

sis.  
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3.12. Boundary Conditions and Load Applications  

In the analysis, the situation considered is the standstill condition of the vehicle on a level 

road to the maximum wheel load with the +3% allowance payload. The other loads are: the 

displacement, rotational angular velocity, Standard earth gravity, frictional forces, initial 

temperature, contact pressure and heat flux. It is considered that the wheel and rail are initial-

ly at ambient temperature on coming into contact just before the brake application has started. 

 

Fig.-15(a): Combining static and dynamic modal analysis 

 

Fig.-15(b): The generated mesh model 
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Fig.-15(c): Boundary conditions for modal analysis 

 

Fig.-15(d): Boundary conditions & load applications for transient structural (MBD) analysis 

 

Fig.-15(e): Combining transient thermal and transient structural analysis 
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CHAPTER-FOUR: RESULT AND DISCUSIONS 

 

4.1. Static and Modal Analysis  

 

The static analysis is concerned with determination of the response of the rail to steady state 

loads. The corresponding stresses and strains are obtained using strain-displacement and 

strain-stress (constitutive) relations. The deflections between two nodes are determined using 

the assumed shape functions. The solution gives nodal translational and rotational displace-

ments. A modal analysis determines the vibration characteristics of the structure. A modal 

analysis is performed on a pre-stressed structure. Thus, it requires performing a static struc-

tural analysis first. The natural frequencies and mode shape are important parameters in the 

design of the structure for dynamic loading conditions. In this section, the total deformation, 

maximum von-mises stress, the first five natural frequencies and its mode shapes for both 

continuous and jointed rail are discussed. 

 

4.1.1. Continuous Rail 

The continuous rail is the rail head surfaces where there is no the bolted joining edges and it 

may include the well welded rail ends. The results are maximum total deformations, the von-

mises stress and the first five natural frequencies. 

 

 

Fig.-16(a): Total deformation of the continuous rail (δmax= 2.1383e-005m) 
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Fig.-16(b): Equivalent (Von-Mises) Stress of the continuous rail 

 Since the yield strength of the rail material is 46.00e+007 Pa and the Equivalent (Von-

Mises) Stress 3.0949e+007 Pa, the rail is safe to with stand the loading. 

 

Table-6: Modal frequency and Maximum deformation results at the continuous rail 

No. Mode shape (DOF) Natural frequency (Hz) Max. deformation (m) 

1 Lateral bending       42.136 1.1506e-002 

2 Torsion along Y-axis 212.22 1.1544e-002 

3 Torsion along Z-axis 259.08 1.1039e-002 

4 Torsion along X-axis 371.5 6.3931e-002 

5 Vertical bending                                617.67 5.0965e-002 

 

 

Fig.-16(c): Mode-1 of the Continuum rail: Lateral bending (f = 42.136Hz) 
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Fig.-16(d): Mode-2 of the Continuum rail: Torsion along Y-axis (f = 212.220 Hz) 

 

 

Fig.-16(e): Mode-3 of the Continuum rail: Torsion along Z-axis (f = 259.080 Hz)     

 

 

Fig.-16(f): Mode-4 of the Continuum rail: Torsion along X-axis (f=371.500 Hz) 
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Fig.-16(g): Mode-5 of the Continuum rail: Vertical bending (f= 617.670) 

 

Fig.-16(h): The first five natural frequencies Vs. mode shape graph for a continuous rail 

 

4.1.1. Jointed Rail 

 

The continuity of the railway track is breaks due to the existence of rail gap and difference in 

the height of the rail heads. So, its continuity is kept by the rail end joining. These analyses 

may inferences whether the continuous or the jointed part of the rail couldn‟t withstand the 

loadings. The results retrieved and discussed are: the maximum total deformations, the von-

mises stress, the first five natural frequencies and their corresponding mode shapes. 

 

 

Fig.-17(a): Total deformation of jointed rail (δmax= 1.4573e-005 m) 
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Fig.-17(b): Equivalent (Von Mises) Stress of the jointed rail 

 

 Since the yield strength of the rail material is 46.00e+007 Pa and the Equivalent (Von-

Mises) Stress 1.9942e+007 Pa, the rail-joint is safe to with stand the loading. 

 From the result, the static total deformations and Von-mises stress at the continuum rail is 

larger than at the jointed rail 

 As shown in table-6 and table-7, the maximum deformations and natural frequency at the 

rail-joint is larger than at the continuous rail track for the dynamic effects. 

Table-7: The first five natural frequencies and maximum deformations at the rail-joint 

No. Mode shape (DOF) Frequency (Hz) Max. deformation (m) 

1 Lateral bending       80.326 1.116e-002 

2 Torsion along Y-axis 263.43 1.089e-002 

3 Torsion along Z-axis 335.32 1.194e-002 

4 Torsion along X-axis 513.47 5.4382e-002 

5 Vertical bending                                774.65 4.8243e-002 

 



Investigations of Dynamic and Thermo-mechanical Wheel-Rail Contact Effects on the Rail 
 

By: Getu  Ejeta  48 

 

Fig.-17(c): Mode-1 of the jointed rail: Lateral bending (f = 80.326Hz) 

 

 
Fig.-17(d): Mode-2 of the jointed rail: Torsion along Y-axis (f = 263.430 Hz) 

 

 

Fig.-17(e): Mode-3 of the jointed rail: Torsion along Z-axis (f = 335.320 Hz) 
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Fig.-17(f):  Mode-4 of the jointed rail: Torsion along X-axis (f=513.470 Hz) 

 

Fig.-17(g):  Mode-5 of the jointed rail: Vertical bending (f= 774.650) 

 

 
 

Fig.-17(i): The first five natural frequencies graph for a jointed-rail at each DOF 

 

 For the static analysis, the maximum deformation and von-mises stress of the rail at the 

continuum is larger than at the jointed part and for both rail conditions the natural fre-

quencies are smaller than the standard minimum limit (i.e. ≤ 1-1.5 kHz)  
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4.2. Transient (ANSYS) Analysis 

 

Transient structural analysis is used to determine the dynamic response of a structure under 

the action loads. It determines the time –varying, strains, stress, and forces in a structure as it 

response to any transient effects under time dependent loads. In this analysis loading is such 

that the inertia or damping effect are considered. The damping effect is engaged from the rail-

pad called polyethylene. In this paper the transient analysis was done on the continuous and 

jointed rail to show the dynamic impact by varying the applied load with very small time. 

 

 

Fig.-18(a): Total transient deformation at the continuum rail 

 

 

Fig.-18(b): Transient Von-mises stress at the continuum rail 

 

 Since the yield strength of the rail material is 46.00e+007 Pa and the Transient Equivalent 

(Von-Mises) Stress 1.4923e+007 Pa, the rail at the continuous is safe to with stand the 

transient structural loading. 
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Fig.-18(c): Total transient deformation at the jointed rail 

 

  

Fig.-18(d): Transient Von-mises stress at the jointed rail 

 

 Since the yield strength of the rail material is 46.00e+007 Pa and the Transient Equivalent 

(Von-Mises) Stress 2.0739e+007 Pa, the rail-joint is safe to with stand the transient struc-

tural loading. 

 

Table-8: Summary of the transient results for the continuous and the jointed rail 

Transient parameter 
Maximum value over the time(1sec) 

Continuum rail Jointed rail 

Total deformation (m) 1.4297e-005  1.4577e-005  

Von mises stress (Pa) 1.4923e+007 2.0739e+007  

 

 For the transient analysis, the maximum deformation and von-mises stress of the rail 

at the joint is larger than at continuum part 
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4.3. Transient Structural (MBD) Analysis of the Jointed Rail 
 

Transient structural multi-body dynamics (MBD) analysis in mechanical application uses the 

ANSYS Rigid Dynamics solver. This type of analysis is used to determine the dynamic re-

sponse of an assembly of rigid bodies linked by joints and springs. In this analysis joint rota-

tion are not cumulative with each additional step. All parts are assumed to be rigid such that 

there are no stresses and strain results produced, and only probe forces, energy, moments, 

displacements, velocities and accelerations are dealt with inputs and outputs. 

 
 
 

Fig.-19(a): Total displacement of the jointed rail 

 

 

Fig.19(b): Total Velocity of the jointed rail 
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Fig.-19(c): Total Acceleration of the jointed rail 

 

 

Table-9: Summary of the transient results for the jointed rail 

Transient parameter Maximum value over the time(1sec) 

X-axis Z-axis Y-axis  Total 

Displacement (m) 9.2903e-017 1.3045e-014 1.199e-014 m 1.7745e-014 

Velocity (m/s) 9.4298e-015 1.303e-014 1.1838e-014 1.9841e-014 

Acceleration (m/s
2
) 8.5975e-017 5.081e-016 2.236e-016 8.5975e-013 

Energy probe(potential)(J) 29740  

Energy probe(kinetic)(J) 30562  

Energy probe(External)(J) 5.8284  

 
 As it is seen from the result, the displacement and velocity along the Z-axis (the ver-

tical direction) is larger than the other directions (Y-axis and X-axis). 
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4.4. Thermo-mechanical Analysis during Braking 

 

Due to the application of brakes the heat generation takes place at the wheel-rail contact 

patch due to friction. The generated heat has conducted away and dispersed across the rail 

contact cross sections and the temperature of the rail rises.  The condition of braking is very 

severe for the thermal effects that support the rail defects due to the mechanical loads. Thus 

why, the thermo-mechanical analysis is needed for long life and the structural stability of the 

rails. 

 

Thermal stresses in the rail are developed due to the difference between the so-called neutral 

temperature and the service temperature. For service temperatures higher than the neutral 

temperature, compressive stresses are built up and there is the danger that these may be re-

leased by buckling in the rail, with risk of train derailment, an effect on the rail which some-

times is called “sun twists”. At temperatures lower than the neutral temperature, tensile ther-

mal stresses raise which act as an additional static loading component together with the wheel 

loads and the residual stresses. 

 

After verification of the model and boundary conditions, the calculation was started for the 

time of braking tb = 14.40 sec, in order to stop the tramcar. The time dependent solver was 

used for solving. The time set for software is 1 second. The thermal and structural results ob-

tained from ANSYS are deformation, Von Mises stress, thermal flux and temperature gradi-

ent.  

 

The types of loads applied in a thermo-mechanical analysis include: 

 Initial temperature  

 Heat flux 

 Wheel load (forces) 

 Standard earth gravity 

 Rotational velocity 

 Elastic stiffness support 

 Boundary conditions and  

 Imported body temperature 
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4.4.1. During Down-grade Braking 

 

During the process of braking at the downhill, the total mechanical available energy of the 

tramcar that must be transformed into frictional heat is both kinetic and potential energy. The 

resisting load for stopping the tramcar is the braking force that is not considering the aerody-

namic effects. Thus, the largest braking force is needed at this rail track conditions from the 

other track level conditions.  The thermo-mechanical results are: temperature rise, heat flux 

variations, thermo-mechanical Von-mises stress and deformations. 

  

 

Fig.-20(a): Global rail temperature rise during down-grade braking 

 The global maximum temperature during down-grade level tack braking is 49.373°C 

 Thus, since the melting point of structural steel (1510 ) and the pearlite rail material 

microstructure change temperature (about 700 ) are much larger than this temperature 

the rail can withstand the thermal loading. 
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 Fig.-20(b): Global heat flux for the down-grade braking  

 The global residual maximum heat flux is 3.8293e+005 W/m² 

   

Fig.-20(c): The imported rail body temperature for the down-grade braking 
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Fig.-20(d):  Thermo-mechanical total deformation at the down-grade braking 

 The thermo-mechanical maximum deformation during the down-grade braking is 

4.8585e-005 m 

   

Fig.-20(e): Equivalent (von-Mises) thermo-mechanical Stress at the down-grade braking 

 Since the yield strength of the rail material is 46.0e+007 Pa and the Equivalent (Von-

Mises) thermo-mechanical maximum Stress 5.742e+007 Pa, the rail is safe to with stand 

the thermo-mechanical loading, during braking, at the down-grade. 
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4.4.2. During the Straight Track Braking 

 

During the process of braking at the straight track, the total mechanical available energy of 

the tramcar that must be transformed into frictional heat is only the kinetic energy. But, the 

aerodynamic resistance load which may cause powerful effects if its direction is the opposite 

of motion is not considered. Thus, the thermo-mechanical results are: maximum temperature 

rise, heat flux variations, thermo-mechanical Von-mises stress and deformations.  

 

 

Fig.-21(a): Global rail temperature rise at the straight track braking 

 The global maximum temperature at the straight track braking is 42.576 °C 

 Therefore, since the melting point of structural steel (1510 ) and the pearlite rail mate-

rial microstructure change temperature (about 700 ) are much larger than this tempera-

ture the rail is safe to withstand the thermal loading. 
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Fig.-21(b): Global heat flux for the straight track braking 

 The global residual maximum heat flux is 2.8785e+005 W/m² 

   

Fig.-21(c): The imported rail body temperature for the straight track braking 
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Fig.-21(d):  Thermo-mechanical total deformation of a rail at the straight track braking 

 The thermo-mechanical maximum deformation of a rail at the straight track braking is 

4.9905e-005 m 

    

 

Fig.-21(e): von-Mises thermo-mechanical Stress of a rail at the straight track braking 

 

 The Equivalent (Von-Mises) thermo-mechanical maximum Stress of the  rail during 

braking at the straight track is 4.342e+007 Pa 

 Hence, since the yield strength of the rail material is 46.0e+007 Pa, the rail can with-

stand the thermo-mechanical loading during braking at the straight track. 
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4.4.3. During the Curved Track Braking 

 

During the process of braking at the curved track, the total mechanical available energy of the 

tramcar that must be transformed into frictional heat is only the kinetic energy and the resist-

ing loads are instantaneous braking force and the curve resistance forces. The aerodynamic 

resistance effect is not considered. Thus, the thermo-mechanical results are: temperature gra-

dient, heat flux variations, thermo-mechanical Von-mises stress and deformations. 

 

  
 

 
 

Fig.-22(a): Global rail temperature rise for the curved track braking 

 The global maximum temperature at the straight track braking is 38.77°C 

 Hence, since the melting point of structural steel (1510 ) and the pearlite rail material 

microstructure change temperature (about 700 ) are much larger than this temperature 

the rail is safe to withstand the thermal loading during braking at the minimum radius 

curvature (50m) of the track. 
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Fig.-22(b): Global heat flux for the curved track braking 

 The global residual maximum heat flux is 2.3461e+005 W/m² 

  

Fig.-22(c): The imported rail body temperature for the curved track braking 
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Fig.-22(d):  Thermo-mechanical total deformation of a rail at the curved track braking 

 The thermo-mechanical maximum deformation of the rail during braking at the mini-

mum curved track is 4.9265e-005m. 

   
Fig.-22(e): von-Mises thermo-mechanical Stress of a rail during braking at the curved track 

 

 The Equivalent (Von-Mises) thermo-mechanical maximum Stress of the rail during 

braking at the minimum radius of curvature (50m) of the track is 4.1871e+007 Pa. 

 Thus, since the yield strength of the rail material is 46.0e+007 Pa, the rail can withstand 

the thermo-mechanical loading at the 50m radius of curvature of the rail track. 

Table-10: Summary of the thermo-mechanical effects on the rail during braking 

 

Parameter per 1sec loading Unit Downgrade Straight track Curved track 

Maximum temperature rise °C 49.373 42.576 38.77 

Maximum heat flux W/m² 3.8293e+005 2.8785e+005 2.3461e+005 

Maximum deformation m 4.8585e-005 4.9905e-005 4.9265e-005 

Maximum von-mises stress  Pa 5.742e+007 4.342e+007 4.1871e+007 
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Fig.-23: Thermo-mechanical effect results at downgrade, straight and curved track 

 

In these investigations, the static maximum deformation and von-mises stress result of the rail 

at the continuum is larger than at the joint while, for the transient analysis, the maximum de-

formation and von-mises stress of the rail at the joint is larger than at continuum part. For 

combined thermal and mechanical loads, the maximum deformations and Von-mises stress is 

much larger than the static and transient results due to the temperature rise. Also, the temper-

ature rise is much smaller than the melting point and microstructure changing temperature of 

the pearlite steel rail material, and for all cases, the Von-mises stress is less than the rail ma-

terial yield stress. Hence, the rail can withstand the dynamic, static, thermal and thermo-

mechanical loadings. The vertical displacement, velocity and accelerations are larger than in 

the other directions. From the modal results of the continuum and jointed rail conditions the 

natural frequencies are much smaller than the standard frequency limits. 
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CHAPTER-FIVE: CONCLUSIONS AND RECOMMENDATIONS 

 

5.1. Conclusions 

 

This study focused on two loading effects on the rail. The first is the investigation of dynamic 

effects and the second is thermo-mechanical effects of the contacts between vehicles and rail 

track during braking. In dynamic analysis, the modal and mechanical transient effects are in-

vestigated. Since, a modal analysis is performed on a pre-stressed structure; the static loading 

effect was first validated. Then, the maximum deformation, the first five natural frequencies 

and its mode shapes for both continuous and jointed rail were discussed. In the transient 

structural(MBD), the total displacement, total velocity, total acceleration, freedom effects in 

three axes (along-X, Y, and Z ) and the energy probe (both kinetic and potential) are also in-

vestigated. In this study, the stiffness and damping effect of the polyethylene rail-pads and 

ballast were considered. Further, the retrieved results were discussed and validated. The re-

sult shows that the rail can with-stand both static and dynamic load effects. Also, the first five 

natural frequencies results are much less than frequency limit (1-1.5KHz) for the standard 

rail. 

 

The thermo-mechanical analysis entailed the transient thermal effects on the rail, in addition 

to the static mechanical loads. In this case, the rail body temperature that is generated during 

braking was imported to the mechanical loading and the combined effects were explained. 

Due to the friction force, thermal power penetrant at the continuous rail surfaces increased. 

The transient mechanical effect also increased due to the contact body temperature rises. The 

thermo-mechanical braking effects developed on the three rail track level conditions: during 

the downgrade braking, at the straight track braking and at the curved track braking. As 

shown in results, the combined thermal and mechanical effects are the highest at the downhill 

braking. 
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5.2. Recommendations 

The rail of the track shall be designed as stiff as possible to resist the incoming compressive, 

vertical, quasi static, vibration stress, dynamic loads, and thermal effects and at the same time 

it should provide better guidance to the wheel of the train. So, this study recommends giving 

attention for design and care of the rail. The rail joint needs especial design and handling of 

the dynamic effects (the vibration and transient structural effects) while the continuum rail 

requires notable consideration of the static loads with track alignments. The rail-pad, sleeper 

and ballast should be selected and well equipped with rail to reduce the static and dynamic 

effects.  This paper also recommends that the dynamic loads, friction wear rate and heat pow-

er penetrant should be considered in design and treatment of the rail in addition to the me-

chanical loads. 

 

5.3. Future works 

 

However, there are some better achievements obtained here, there are many ways in which 

the present work could be continued. Here some topics are presented that would be of interest 

to investigate in the near future. These would be: 

 Explicit dynamic effect of the rail joint components  

 Fatigue analysis and rail life predictions on the different rail track level conditions  

 Rail burn defect and crack initiation at the tip end and continuous rail heads 

 Optimization of rail contact loading along the principal coordinate the rail profiles  

 The effect of rail end gap on the wheel at the rail joints 
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Appendices 

 

Appendix-A 

 

Fig.-24: Principal radii of curvature for wheel and rail 

 

Table-11: Coefficients m and n for different values of θ 
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Appendix-B 

 

Fig.-25: Rail profile for 50kg/m 
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Fig.-26: Terminology used for rail profiles 

Table-12: The typical values of K in computing curve resistance coefficient 

 

 


