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Sammanfattning 

I den här avhandlingen utvecklas en modifierad beräkningsmetod för slitage av spårfordons 

hjul, som ger mindre exakta men snabbare resultat jämfört med den klassiska 

beräkningsmetoden för hjulslitage. Den modifierade beräkningsmetoden är utvecklad baserat 

på den klassiska beräkningsmetoden för slitage som utvecklats av Tomas Jendel, som 

använder Hertz-teorin och Kalkers förenklade teori för att beräkna kontaktvariablerna och 

använder Achard-teorin för att beräkna volymen av materialet som har slitits bort med en 

iterativ metod. Jämfört med den klassiska metoden utför inte denna modifierade 

beräkningsmetod flerkroppssimulering (MBS) vid varje steg där normal hjulprofilen 

uppdateras, utan använder sig av olika strategier. Till exempel genomförs gör MBS bara vid 

första slitagesteget eller vid några av slitagestegen. Därför används en uppslagstabell för att 

lagra kontaktvariablerna från MBS och när ingen MBS exekveras, användas variablerna 

lagrade i uppslagstabellen för att beräkna slitage. 

För att möjliggöra implementeringen av den modifierade beräkningsmetoden för slitage 

utvecklas ett kontaktpunktdetekteringsprogram i denna examensarbete.. Det är viktigt att 

detekteringsprogrammet tar hänsyn till materialflexibiliteten och att det kan detektera flera 

kontaktpunkter, med hög precision. Programmet använder Winkler-metoden och den 

tryckfördelning som beräknas enligt Winkler-teorin som en viktning för att beakta materialets 

flexibilitet. När det gäller detektering av flera kontaktpunkter betraktas gapet mellan hjul och 

räls som en funktion, och derivatan av den funktionen används används för att detektera flera 

kontaktpunkter. 

Resultat från den modifierade beräkningsmetoden för slitage jämförs med resultaten från den 

klassiska beräkningsmetoden. Effekterna av olika strategier diskuteras och felkällor 

analyseras. 

Denna modifierade beräkningsmetod för slitage kan användas för att förutsäga hjulets 

slitagetillstånd när ett snabbt resultat med endast måttlig precision behövs. 

 

Nyckelord: Beräkning av hjulslitage, detektering av kontaktpunkter, flexibilitet, flera-  

                    kontaktpunkter, Winkler-teori  



 

 

   

 

Abstract 

In this thesis, a modified wear calculation method is developed to calculate the train wheel 

wear, which can give less precise but faster results compared to the classic wear calculation 

method. This modified method is developed based on the classic wear calculation method 

developed by Jendel, which uses Hertz theory and Kalker’s simplified theory to calculate the 

contact variables and uses Achard theory to calculate the wear volume in an iterative manner. 

Compared with the classic method, this modified wear calculation method does not execute 

the multibody simulation (MBS) at each wear step, instead, it executes MBS by different 

strategies, for example, does MBS only at the first wear step or does it at every several wear 

steps. This way, a look-up table is utilised to store the contact variables from MBS and when 

no MBS is executed, the variables stored in the look-up table would be used to calculate the 

wear. 

In order to make the implementation of the modified wear calculation method possible, a 

contact point detection program is developed in this research. Significantly, this contact point 

detection program considers the material flexibility and can detect multiple contact points, 

which makes it very precise. It uses the pressure distribution calculated by Winkler theory as 

a weighting function to consider the material flexibility. In terms of multiple contact points 

detection, the gap between wheel and rail is regarded as a function, and the derivative 

relationship of the function is used to detect multiple contact points.  

Results from the modified wear calculation method are compared with results from the 

classic wear calculation method. The effects of different strategies are discussed, and the 

analysis of the error source is carried out in this work. 

This modified wear calculation method could be used for predicting the wear condition of 

the wheel when a quick result with only moderate precision is needed.  

 

Key words: Wheel wear calculation, Contact point detection, Flexibility, Multiple contact-  

                    points, Winkler theory 
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Nomenclature and Abbreviations 

 
MBS    

X 

Y 

Z  

𝜉  

𝜂   

𝜁   

a  

b  

kyrt 

cyrt 

kzrt 

czrt 

kytg 

cytg 

FEM    
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𝜙   

posw 

eta 

                        

Multibody simulation 

Longitudinal direction of the track 

Lateral direction of the track 

Vertical direction of the track 

Longitudinal direction in contact patch 

Lateral direction in contact patch 

Vertical direction in contact patch 

The semi-axle length of contact patch in longitudinal direction 

The semi-axle length of contact patch in lateral direction 

Lateral stiffness of rail-track link, right wheel side 

Lateral damping rail-track link, right wheel side 

Vertical stiffness rail-track link, right wheel side 

Vertical damping rail-track link, right wheel side 

Stiffness between track and ground 

Damping between track and ground 

Finite element method 

Longitudinal creepage in the contact patch 

Lateral creepage in the contact patch 

Spin creepage in the contact patch 

The position of the contact point on the wheel, relative to the 

nominal running circle 

Relative wheel-rail displacement 
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1. Introduction  

1.1. Background 

1.1.1. Wear problem in railway 

Wear can be defined as the material loss or change in surface texture occurring when two 

surfaces of mechanical components are in contact with each other [1]. For traditional train 

rather than the innovative maglev one, the steel wheel directly rides on the steel rail, so wear 

between wheel and rail is inevitable. Moreover, wear problem has a significant effect on rail 

operation. It requires much maintenance work so costs a lot [2][3]. It is safety-related which 

is increasingly concerned in the current background of high-speed and heavy-load operation 

in railway industry, where a tiny problem can lead to a catastrophe. Wear, if not treated 

properly, can lead to derailment, for example when the train goes through a heavily worn out 

crossing, or has wheel failure due to a heavily worn thin flange. Wear can also affect the 

dynamic behaviours of the vehicle [4]. For instance, wear can lead to lateral dynamic 

instability due to change in equivalent conicity [5]. According to Klingel’s equation, if the 

equivalent conicity becomes bigger after wear, the wavelength of the sinusoidal motion will 

become smaller. A smaller wavelength can undermine the ride comfort, and even worse, it 

can risk the operation safety. Another case is that wear can cause wheel polygonization, 

which can lead to high-frequency vibrations. A long-term tracking tests carried out in China 

shows that the lateral instability and high frequency vibration are two main factors from 

wheel wear that might undermine the running safety and comfort [6]. 

In order to moderate the wear, some countermeasures can be adopted. For example, the 

lubrication could be adopted at sharp curves. Employing advanced materials in wheel and 

rail manufacture should also be an effective way, and the material can have a high hardness 

to resist wear or even can be self-lubricating. From a vehicle perspective, radial steering 

running gear is an effective measure to lower the wear, which could effectively decrease the 

force between rail and wheel, possibly avoiding the flange contact. In KTH railway group 

active steering technologies to make sure the rail vehicle negotiates the curve in a perfect 

radial status are currently under investigation [7]. Besides, wheel and rail profiles with special 

consideration for wear reduction can be adopted. And from the perspective of track design, 

the smoother the curves the more moderate the wear. 

After a certain level of wear has been caused on the wheel and rail, in order to make sure of 

operation safety and comfort, proper maintenance measures should be taken. For wheels, the 

reprofiling is applied. Research shows that for the high-speed rail operation in China, a 

desirable reprofiling interval is between around 200,000km [6]. After certain times of 

reprofiling, the wheels will eventually be replaced. For rails, in order to keep the rail profile 

in an acceptable condition, grinding is employed. And for heavily-worn rail, replacement 

must be done. All these measures dealing with the wear problem account for a big proportion 
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of railway maintenance expenditure annually. Neglecting other parts, only for crossing and 

switches, in Sweden, the maintenance cost is 200-300 million Swedish Kronor per year[8][9]. 

1.1.2. Predicting wheel wear 

Based on the aspects mentioned above, the wear problem is a big issue in the railway industry. 

With the fast development of computation technologies, it is possible to predict wheel wear 

with satisfying precision, which makes it possible to analyze the wear behavior in advance. 

This can provide many advantages to fields in railway maintenance, vehicle design [1]: 

• Wear rates can be estimated to aid to customize explicit maintenance work planning. 

• Vehicle suspensions and wheel profiles can be optimized in the designing stage to 

limit wear. 

• Wheel profiles can be tailored for specific purposes, for instance, to maintain an 

almost constant equivalent conicity throughout the lifetime of a wheelset. 

• New wheel materials and lubrication techniques can be investigated, depending on 

the implemented wear model. 

• Field and laboratory measurements can be expensive while the simulation results can 

are convenient and cheap. 

Benefitting from all the aspects above, we can tackle wear problem more effectively by wear 

prediction. 

Previous work 

In the last decades, much work and effort have been paid to develop dependable wear 

calculation tools. Some of the earlier research is explained in this section. 

Chudzikiewicz 

Chudzikiewicz [10][11] has invented a wear calculation tool to predict the wheel wear 

generated by train running on a 1500m straight track. He has tried Kalker’s algorithm 

CONTACT and Kalkar’s FASTSIM in the tool, and concluded that difference caused by 

using FASTSIM is about 10%, but using FASTSIM is much faster. The wear model in his 

work considers that the mass removal per contact patch area is proportional to the frictional 

work in the wheel-rail contact. Through his simulation he found that the track irregularities 

are necessary to obtain realistic wheel wear results.  

Kalker 

In Kalker’s work, the focus is mainly on contact modelling. Non-Hertzian contact is used by 

implementing his CONTACT algorithm in the wear calculation tool. And in his more recent 

work [12][13] the half-space assumption is also avoided by implementing finite element (FE) 

analysis to calculate the influence functions. From his work it is concluded that Hertzian 

theory is not suitable to be used to predict the wear, especially heavy wear, because the half-

space assumption.  
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KTH wear calculation method 

KTH railway group has developed a wear calculation method, which has a few different 

versions. The first version is created by Jendel in 2000. After that, Based on Jendel’ s work, 

more versions are developed by Roger Enblom, Sichani, Hossein, etc. 

KTH wear calculation method, or KTH method for brief, can be described as a combination 

of two modules. One module is the multibody simulation (MBS) code, and the other part is 

the wear calculation code. MBS gives out contact variables such as contact force and 

creepage, and those variables would be further forwarded to the wear calculation section to 

calculate the wear distribution along the wheel profile [14]. 

The first version of KTH wear calculation method developed by Tomas Jendel will be 

introduced in detail in Chapter 2. 

Based on Jendel’s approach, Enblom made some improvements. In this new version, the 

tangential flexibility of contacting surfaces is considered in determining relative sliding 

velocities and distances to find the wear distribution over a contact area subjected to partial 

slip. These additional calculations have been implemented in FASTSIM. And he replaced 

the Hertzian contact by a non-elliptic semi-Hertzian method, which showed relocation of 

material loss towards increased profile curvature. Also, in his work the network properties 

represented by the simulation set takes the braking effect into consideration, braking is 

simulated in the multibody analysis. Thus, no scaling factor for braking is needed any longer. 

However, in Jendel’s or Enblom’s method, it is required to execute the time-domain 

simulation (multibody simulation) one time at every wear step (iteration). Because the 

contact force and creepage can change after the profile updating at the end of each wear step, 

it needs to get the new contact force and creepage through the time-domain simulation before 

starting the new round of wear calculation to guarantee a precise result. And time domain 

simulation is time consuming makeing the whole wear calculation process very slow. 

However, sometimes, we do not need a result with that high precision, but we want to get it 

very quickly. In this way, a modified wear calculation method is hoped to be developed, and 

this is exactly the focus of this thesis. 

Modified wear calculation method 

Since executing the time-domain simulation at every wear step costs much time, is it possible 

to execute it for fewer times? 

In fact, in spite of the wheel profile evolving from wear, as long as the train goes through the 

same section on the track at the same velocity, its all contact variables almost keep the same. 

In this way, we could assume that, with the constant speed, at a specific track section, the 

contact force and the creepage are the same. Based on the assumption, the MBS output from 

the previous wear step can be continuously used in current wear step. Thus, MBS does not 

need to be executed at every wear step, but to be executedd in a certain different manner, 
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which will be discussed in detail in section 2.2. In this thesis the wear steps with MBS 

executed at every step are called “complete wear step”, while the wear steps without 

executing MBS at every wear step are called “simplified wear step”. And, in this thesis, a 

modified wear calculation method is created by utilizing the simplified wear step. 

In order make this modified wear calculation process possible, the corresponding MBS result 

should be retrieved from the previous case. In order to realize this, a look-up table is used, 

which will be discussed in chapter 3. Additionally, because the wheel profiles are 

continuously being updated during the wear calculation process, so the location of the contact 

point is changing. And the location of the contact point is necessary to know when removing 

the wear material from the wheel profile. For this purpose, a contact point detection program 

is implemented in this work, which will be discussed in chapter 4. 

1.2. Aim and scope of this work 

The aim of this work is to develop a modified wear calculation method that can predict wheel 

wear much faster than the classic method by Jendel. The faster speed is gained at the cost of 

losing some precision. So, this new way is for the situation which has a high requirement for 

the calculation speed but a low requirement for precision. 

The contents of this thesis work are listed as follows: 

(1) Developing the contact point detection program considering flexibility that can find 

out the multiple contact points between wheel and rail. 

(2) Implementing the look-up table mechanism in the wear calculation process; 

(3) Integrating all the modules to obtain a new wear calculation manoeuvre with fast 

speed and fair precision; 

(4) Comparing the new wear calculation method with the old wear calculation method 

and further improve the precision of the new method. 
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2. Wheel wear calculation methods 
As mentioned in chapter 1, this thesis work focuses on developing a modified wheel wear 

calculation method, which is faster and with fair precision. The modified wear calculation 

method is obtained by modifying the classic wear calculation method and adding new 

modules to it. 

2.1. KTH wear calculation method (the first version) 

The classic wear calculation method used here is the KTH wear calculation method, which 

has been introduced in part 1.1.2., and we use version 1, the one developed by Tomas Jendel. 

Below detailed introduction is given about this version. 

2.1.1. Methodology 

Jendel Tomas’s approach is made up of the following components: 

• Simulation set design 

• Vehicle-track interaction 

• Wear calculation 

• Wheel profile updating 

For these four components, the later-step one relies on the previous one, it works like a 

“chain” as shown in Figure 2-1. And this “chain” is the “skeleton” of the wear calculation 

method created by Jendel. By this “skeleton”, the wear calculation manoeuvre is finally 

completed and its flow chart is shown in Figure 2-2. For easy distinguishing this method with 

modified wear calculation method, this Jendel’s method is also called classic method in this 

thesis.  

 

 

 

Figure 2-1 The four components in Jendel’s method 

Vehicle-track 

interaction 

Wear 

calculation 
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Figure 2-2 The workflow of classic calculation process 

2.1.2. Simulation set design 

The first part is the simulation set design, which is an important conception in Jendel’s 

method. A simulation set means a set of dynamic time-domain simulations that are chosen to 

reflect the actual railway network for the vehicle, including track design geometry, track 

irregularities, rail profile, wheel-rail coefficient of friction as well as braking and acceleration 

[1][8]. In order to exemplify the process of determining a simulation set a previous project 

would be referred to in this part.  

As mentioned before, a simulation set means a set of dynamic time-domain simulations. And 

in each of these time-domain simulations, a “representative curve” is used as the “track” in 

the simulation. This “representative curve” is named as “a type curve” and each “type curve” 

is “abstracted” from a part of the whole line. Specifically, the whole railway network (that is 

the line in simulation) will be “disassembled” to be many curves and straight track. And then 

those curves and straight track will be classified to several radius intervals by its radius (here 

we regard the radius of straight to be infinite and a set of radius intervals used in the previous 

project is shown in table 2-1). Table 2-1 is a set of radius intervals for such “classifying” 

process, and it is posted here just for explaining the conception. Based on those curve 

intervals and some other factors, the type curve can be determined. And here, “some other 

factors” refers to rail profile, friction coefficient, track irregularities, braking and 

acceleration. If all these “other factors” are the same, one type curve would be generated 

from one curve interval. If “other factors” are different, several type curves would be 

generated from one curve interval. 
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Table 2-1 curve intervals used in a previous project 

0-300 m 900-1000m 

300-400m 1000-1250m 

400-500m 1250-1500m 

500-600m 1500-2000m 

600-700m 2000-2500m 

700-800m 2500-3000m 

800-900m Straight track 

 

Firstly, the whole line in simulation needs to be discretised.  The simulation set design is 

done following the five steps below: 

Step 1: Analysis of the track and vehicle traffic conditions 

Step 2: Determining symmetricity of the railway network 

Step 3: Designing reference simulation set with a detailed discretization and doing parametric 

study to improve the simulation set 

In step 1, the track design geometry and traffic conditions will be considered. The track 

design geometry includes transition curves, circular curves and cants. Besides, because a 

certain vehicle is not bound to a certain line on the whole railway network. If we assume the 

train to run equally on each part of the network in the simulation, it would cause the results 

to be inaccurate. The method used here is calculating the number of trains passing a certain 

part of the network per week according to the timetable, and based on this, the weighting 

factors which represent the train running on different part of the entire network can be further 

calculated. And the weighting factor will be applied when designing the type curve. So, in 

this way, we take the traffic conditions into consideration. 

In step 2, the symmetricity of the railway network would be investigated. Why is it important 

to check the symmetricity of the railway network? Because if the network is symmetric, both 

wheels of a certain wheelset would experience the similar contact environment in operation, 

no matter if the vehicle would be turned around or not. So, the wear profile of both wheels 

on a wheelset would be identical. The simulation can be significantly simplified due to the 

symmetricity, because it will be sufficient to simulate the vehicle response in only, say, right-

hand curve and in one travel direction and then average the wear volume generated on the 

two wheels on a wheelset. 
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In step 3, a reference simulation set is defined. This reference simulation set corresponds to 

parametric studies. As mentioned before, the type curves have to be “representative” enough. 

For a specific curve of the network in the real situation, it has its own radius, own rail profiles, 

own friction coefficient, own irregularities, own operation settings (i.e. braking and 

acceleration). All these factors would influence the wear calculation results. So, in order to 

make the type curves to be “representative” enough, all those factors are needed to be taken 

into consideration. Assuming an extreme situation, if every curve in the network is made to 

be as a type curve, then the network in our simulation would be totally equal to the network 

in reality. This way, the simulation would get the most precise results. But, this is not possible, 

first because the current computation force cannot handle such a detailed simulation set made 

up of so many type curves. Second, it would be a huge workload to make such a detailed 

simulation set made up of so many type curves. So, we need to come up with just several 

changing values for each parameters (such as radius, friction coefficient, etc) of the type 

curve, so that they could represent all the curves in the real network and the simulation results 

under such setting can have a satisfactory precision. This way, the reference simulation set 

defined in this step and the parametric studies are exactly for finding out how many changing 

values of each parameter are at least needed to make simulation results precise enough. The 

process is like this, at first, we determine a fairy fine and detailed simulation set with type 

curves with quite many changing values for each parameter (for example many different 

curve radius). Naturally, this fine simulation set (this is the reference simulation set) is a good 

representative for most parameters in the real network. And then we investigate each 

parameter’s influence on simulation precision by means of trial and error strategy (this is the 

parametric study), for example, coarse curve radius intervals verses fine curve radius 

intervals, constant rail profile versus varying rail profile, track irregularity versus no 

irregularity. As long as the more complicated parameter does not improve the precision, we 

neglect it and use the simple one. For example, the curve radius intervals shown in table 2-1 

could be replaced by the radius intervals shown in table 2-2. 

Table 2-2 curve intervals after simplification 

0-400 m 800-1000m 

400-500m 1000-1500m 

500-600m 1500-3000m 

600-800m Straight track 

 

One more thing that should be noticed here is that in the parametric study, the choosing of 

the wheel profile is important, which is detailedly explained in literature [1]. 

After all those steps, a simulation set is determined, see table 2-3. It is abstracted from the 

project mentioned above. Specifically, in terms of the rail profile, 0,1,2,3 represents different 
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rail profiles. when multiple numbers appear at the same time for a certain curve radius, it 

means multiple profiles are included in the simulation set (for example, in the row of radius 

338, the corresponding rail profile is 1,2,3, and this means in the simulation set, the profile 

for type curve with radius 338 can be 1,2 or 3, and they would be applied according to a 

certain possibility from the real network). And the irregularities are not shown in the table, 

but are considered in this way: a track irregularity file would be randomly chosen from a 

database in advance and then be used in the simulation. The irregularity file documented 

different irregularity levels is stored in the database with the same possibility distribution as 

it has in the real network. 

   Table 2-3 The simulation set 

Radius (m) Vehicle Speed 

(km/h) 

Rail Profile Friction Coefficient 

338 60 1,2,3 0.3 

432 74 1,2,3 0.3 

574 92 1,2,3 0.3 

676 98 1,2,3 0.3 

895 113 1,2,3 0.3 

1204 120 1 0.3 

2035 120 1 0.3 

Straight  120 0 0.3 

 

In this research, because the purpose is to test the feasibility of a new wear calculation method, 

so based on the simulation set shown in table 2-3, we use a simplified version of it, the rail 

profile is only one type instead of a mix a several types. 

2.1.3. Vehicle-track interaction simulations 

The most important input to wear calculation is contact forces and creepages at the contact 

patch. We obtain those variables through vehicle-track interaction simulation. Vehicle-track 

interaction is simulated through Gensys [15], Gensys is a multibody simulation (MBS) 

software. First, it is important to clarify the conception of multibody. Multibody or multibody 

system refers to a system composed of various rigid or elastic bodies and connections 

between the bodies can be modeled with kinematic constraints (such as joints) or force 

elements (such as spring dampers). Multibody simulation software is used to conduct the 

motion analysis and then some motion related variables can be calculated, for example, in 
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vehicle track interaction simulation, the contact force and creepage can be calculated. In order 

to explain it clearly, two aspects will be mentioned in this section, which are contact 

modelling and vehicle track models. In this study, we use Gensys as the MBS software, so it 

can be Gensys specific when the vehicle track simulation is introduced below. 

Vehicle and track models 

The track model in this study is depicted in Fig2-3, as shown in the figure, parallel spring-

dampers are used to imitate the interactions between different parts of the track. The variables 

kyrt, cyrt, kzrt, czrt, kytg, cytg (they are stiffness and damping ratio of the spring-dampers, 

respectively) are needed to be defined according to the property of the track that is simulated. 

And the vehicle model used in this study is Eurofima. 

 

 

Figure 2-3 track model 

Wheel-rail contact modelling 

The contact modelling in MBS solves three problems: 

• Wheel-rail contact geometry variable/geometry functions 

• The normal contact problem 

• The tangential contact problem 

Wheel-rail contact geometry variables and geometry functions are solved in a pre-processor 

called KPF in Gensys. The geometry functions are functions between the geometric 

parameters (the center of the contact patch, change in rolling radius ∆𝑟,etc) and the lateral 

displacement between wheel and rail. Besides geometric functions, some other geometry-

related values would also be calculated in KPF such as the distance between wheel and rail, 

etc. Those values and geometric functions are important in solving the normal/tangential 

contact problems, or in the later-stages of MBS. The geometry functions and geometry values 

are calculated neglecting the influence of wheelset yaw motion.  
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Regarding solving the normal contact problem and tangential contact problem, there are 

several theories can be applied. Some of them are: 

• Hertz theory and relevant tangential solution methods 

• The boundary element method (BEM) 

• Winkler methods 

• The rigid interpenetration zone method 

• The finite element method (FEM) 

In Jendel’s method, Hertz theory and relevant tangential solution methods are adopted. Hertz 

theory is based on linear elasticity and the half-space assumption. Hertz theory is for solving 

the normal contact problem. And in order to solve the tangential problem, a tangential 

solution must team up with Hertz solution. The tangential solution used in this method is 

Kalker’s simplified theory [17] . 

There are several assumptions in Hertz theory [18]: 

• Deformations are small and the contact area is small compared to the typical 

dimensions of the bodies in contact, so the contact stresses are not influenced by the 

shape of the bodies. In this way, the stress can be approximately calculated by 

regarding the contact partners are semi-infinite bodies limited by a straight plane. 

This is the half space assumption. 

• The curvatures of the bodies are constant near the contact area. So that the shape and 

magnitude of the contact area can be calculated. 

• The surfaces are ideally smooth. 

• Only elastic displacements exist and the materials in contact only have linear elastic 

behavior. 

• The materials of the bodies are homogenous and isotropic (same properties in all 

directions). 

• The bodies are geometrically and elastically the same, which implies that the normal 

and tangential contact problems can be treated separately. The geometrical identity 

here is the result of half space assumption. 

For rail-wheel contact, among all the assumptions above, the half space assumption is hard 

to meet, when the flange contact happens. This is a disadvantage of using Hertz theory to 

solve the normal contact problem. In Gensys, this is solved by limiting the difference between 

lateral curvature of wheel and rail to be within 0.25 and 180. So that the contact patch would 

not go down to a conformal situation. The shape of Hertzian solution for the contact patch is 

an ellipse with normal stress distribution shown in Figure2-4. 
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Figure 2-4 The shape of contact patch and normal stress distribution 

In terms of Kalker’s simplified theory, it is used to solve the tangential contact problem at 

the contact patch. It is implemented through the FASTSIM program integrated in Gensys. 

FASTSIM is in fact a 2D Winkler method applied to the plane of contact. The flexibility of 

the Winkler bed is calibrated by Kalker’s linear theory. The contact ellipse is discretized into 

50*50 elements so that a smooth wear distribution can be obtained. Through FASTSIM, we 

can obtain the divide of adhesion area and slip area in the patch and slip velocity vector 𝑣𝑠𝑙𝑖𝑝. 

With slip velocity vector 𝑣𝑠𝑙𝑖𝑝, we can calculate the sliding distance, which is an important 

input for Achard theory. And one thing worth mentioning is that the element in adhesion 

zone would not contribute to wear, because no sliding distance gives no wear, according to 

Achard’s law equation (2-4) in section 2.1.4..  

The slip velocity vector (shown in Figure 2-5) in a linear elastic continuum can be expressed 

as equation (2-1) 

 

Figure 2-5 Slip velocity vector 

                                 𝑣𝑠𝑙𝑖𝑝 = 𝑣𝑣𝑒ℎ𝑖𝑐𝑙𝑒[(𝜐𝜉 −𝜙𝜂, 𝜐𝜂 + 𝜙𝜉) −
𝜕

𝜕𝜉
(𝑢𝜉 , 𝑢𝜂)]                       (2-1) 
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where: 𝑣𝑣𝑒ℎ𝑖𝑐𝑙𝑒 is the vehicle speed (m/s) 

𝜉, 𝜂 are the local coordinates in the contact surface (m) 

𝜐𝜉 , 𝜐𝜂 , 𝜙 are the longitudinal lateral and spin creepages 

                        𝑢(𝜉, 𝜂) = (𝑢𝜉 , 𝑢𝜂) is the elastic displacement vector of the surface (m) 

𝜕

𝜕𝜉
(𝑢𝜉 , 𝑢𝜂) in (4-1) is not calculated in FASTSIM, so the 𝑣𝑠𝑙𝑖𝑝 we obtain ignores the elastic 

part, because this elastic part only accounts for a very small proportion compared to the rigid 

body term this simplification is acceptable. 

Based on the slip velocity the sliding distance can be calculated by (2-2) (2-3), ∆𝑡 is the time 

each element is in contact with the rail 

                                                                 ∆𝑡 =
∆𝜉

𝑣𝑣𝑒ℎ𝑖𝑐𝑙𝑒
                                                 (2-2)                  

                                                                   𝑠 = 𝑣𝑠𝑙𝑖𝑝∆𝑡                                                (2-3)                                      

In the contact calculation, the distance between wheel and rail would be calculated in the pre-

processor KPF from the wheel rail profile and the wheel rail relative positions. And this 

distance together with the normal load added on each wheel and rail, would be used to 

calculate the shape and contact pressure for each contact patch. After this, the patch shape, 

contact pressure, creepages (from MBS), and friction coefficient would be used to determine 

the adhesion and slip zone, calculate the slip velocity and calculate the tangential stress 

distribution. Please note the whole process is partly done in KPF and partly done in MBS 

main code. The whole process is shown in Figure 2-6 below.  
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Figure 2-6 the whole process of contact calculation 

 

The reason to use Hertz theory and Kalker’s simplified theory is the calculation speed which 

makes it possible to be used in MBS and wear calculation. The results obtained by using 

Kalker’s simplified theory has a 90-95% precision compared to the accurate method such as 

Kalker’s nonlinear creep force theory (Contact). And by implementing FASTSIM (which is 

the corresponding program of Kalker’s simplified theory), information about the slip and 

adhesion zone could be obtained, which is important for relevant calculation as mentioned 

above.  

2.1.4. Wear modelling 

A wear model relates contact variables of wheel and rail to wear volume generated at a certain 

running distance. This relation is often built based on a perspective of energy dissipation or 

product of friction forces and corresponding rigid body creepages. 

Archard theory 

The wear model used in Jendel’s method is Archard wear model, which is a widely accepted 

wear model for high precision to model wear due to sliding [19]. It does not rely on the 

friction force and creepages. The main parameters used in this model are normal force N, 

sliding distance s, the hardness of the softer material of the contact pair. The equation is 

shown in (2-4). 

                                                           𝑉𝑤𝑒𝑎𝑟 = 𝑘
𝑁𝑠

𝐻
                                              (2-4) 

    𝑉𝑤𝑒𝑎𝑟 : the volume of wear (𝑚3) 

    s: the sliding distance (m) 

    N: the normal force (N) 

    H: the hardness of the softer object(𝑁/𝑚2) 

k: the wear coefficient 

Normal force N and sliding distance s can be calculated by the normal contact theory and 

the tangential contact theory mentioned in 2.1.2. 

Wear coefficient 

The wear coefficient k in (2-4) varies a lot under different circumstances. It is a function of 

slip velocity, contact pressure, temperature, and other parameters in the contact surface. In 

real project application, slip velocity and contact pressure are the two main parameters to 

determine the wear coefficient. Normally, a wear chart is made through laboratory 

measurements to show how the wear coefficient would change with the variation of slip 
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velocity and contact pressure. Figure 2-7 is the wear chart for wheel and rail steels.  Here, it 

is worth mentioning that the coefficient of friction and the wear coefficient are the results of 

the same contact environment but the relationship between them is in general not known or 

very difficult to determine [1].  

 

Figure 2-7 Wear chart for wheel and rail steel 

The wear coefficients in Figure 2-7 are obtained from laboratory measurements carried out 

in dry conditions and room temperature. If we directly use those wear coefficients, the 

simulated wear can be over-estimated. In reality, there are factors that could lubricate the 

wheel and rail interface. Such as the man-made or natural lubrication. The man-made 

lubrication will be applied on sharp curves, and this measure can considerably reduce the 

wear generated on wheel interacted with high rail. The natural lubrication is a general effect 

made by weather (rain, temperature, snow, etc). With the reference of previous work [21], 

the wear coefficients in Jendel’s method are determined as shown in table 2-4. The values of 

dry wear coefficients are determined by using the intermediate value of coefficients in figure 

2-7, with the exception of 𝑘2 that is slightly reduced according to the test simulation results 

[4]. The man-made lubricated wear coefficients are used when wheel is in contact with the 

sharp curve high rail, and they are obtained by dry wear coefficient multiplying by a factor. 

The natural lubricated wear coefficients are used when the wheel is in contact with all other 

track parts (including low rail in sharp curves, because man -made lubrication effect is low 

in this part, and it can be regarded as natural lubrication). Similar to the lubricated wear 

coefficient, natural wear coefficients are obtained by dry wear coefficient multiplied by a 

factor. 
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Table 2-4 Dry and corrected wear coefficients 

Dry wear coeff. Man-made lubricated wear 

coeff. 

Natural lubricated wear 

coeff. 

𝑘1 = 350 × 10−4 𝑘1,𝑙𝑢𝑏 = 31.82 × 10−4 𝑘1,𝑛𝑎𝑡 = 63.64 × 10−4 

𝑘2 = 4 × 10−4 𝑘2,𝑙𝑢𝑏 = 0.36 × 10−4 𝑘2,𝑛𝑎𝑡 = 0.73 × 10−4 

𝑘3 = 35 × 10−4 𝑘3,𝑙𝑢𝑏 = 3.18 × 10−4 𝑘3,𝑛𝑎𝑡 = 6.36 × 10−4 

𝑘4 = 5 × 10−4 𝑘4,𝑙𝑢𝑏 = 0.45 × 10−4 𝑘4,𝑛𝑎𝑡 = 0.91 × 10−4 

 

Disk braking 

The effect of disk braking can cause more wear, and it can not be neglected in wear 

calculations. Originally in Jendel’s method, it is considered by multiplying a factor to wear 

coefficient used for straight track running. This is a crude way to consider the disk braking 

effect. Enblom further improved it by simulating the braking working condition with braking 

torque being applied to axles in MBS simulations in Gensys. The creep and creep forces in 

this working condition would be used to calculate the wear volume. This way, the wear 

caused by disk braking is calculated from multibody simulation level instead of empirical 

scaling, and this is a more precise method than empirical scaling. Besides, this wear 

calculation method does not deal with vehicle using block braking. 

Calculation process 

Within one contact patch, the normal pressure and sliding distance vary at different locations. 

In order to apply the Archard theory in a precise manner, in Jendel’s wear calculation method, 

the contact ellipse would be discretized into 50×50 elements.  As mentioned in 2.1.2, for each 

contact patch, there are adhesion zone and sliding zone. For each element at the sliding zone, 

its corresponding wear volume would be calculated. For those elements at the adhesion zone, 

no wear volume is generated because of no sliding.   

2.1.5. Calculating wear distributions 

Sampling length 

The multibody simulation gives out the output data (such as contact force and creepages) in 

a constant time interval. And this time interval is very short, so the output data are in a large 
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amount. It is not convenient to directly use those data in the wear calculation. In order to 

minimize the cost of contact mechanics and wear calculation, sampling is used. The sample 

length, converted to a time in the simulations, should be as long as possible, i.e. as few 

samples as possible over a given distance.  However, on the other hand, the sample length 

should not be too long, otherwise, the precision of calculated distribution is low. In order to 

find out the maximum sample length we could use in the wear calculation, the parametric 

study is carried out again in Jendel’s work [1]. In this parametric study, the changing 

parameter is sample length, and it found that as long as the sampling length corresponding to 

a running distance of 3m, the precision of calculated wear distribution is acceptable. Based 

on this result, the sample length is set corresponding to a wheel revolution which is 

approximately to be 2.89m. The reason to do so is because that first, it can meet the precision 

requirement, second, it can give convenience when dealing with the data. 

Wear calculation process 

As shown in figure 2-2, the whole wear calculation consists of many wear steps, after all 

those wear steps, the model will have run the target distance we want to simulate, and the 

wear distribution on the wheel will be obtained. In each wear step, there is a simulation set, 

and in the simulation set, the main element is type curves, which are mentioned in 2.1.1. The 

length of the type curve is denoted as 𝐿𝑖, where i is the sequence number of the type curve in 

a simulation set. The running length in a sample is denoted as  𝐿𝑠𝑎𝑚𝑝𝑙𝑒, and this way the 

number of samples 𝑛𝑖 for type curve i is calculated by Equation (2-5): 

                                                          𝑛𝑖 =
𝐿𝑖

𝐿𝑠𝑎𝑚𝑝𝑙𝑒
                                                             (2-5) 

We also denote the wear generated on wheel j from type curve i as 𝑤𝑗,𝑖(𝑦), the wear for a 

wheel generated in a single wear step is: 

                                                  𝑤𝑗,𝑖(𝑦) = ∑ 𝑤𝑗,𝑘
𝑛𝑖
𝑘=1 (𝑦)                                                  (2-6) 

And then all the wear obtained in each type curve would be weighted according to their 

proportion in the whole network and we can obtain the weighted wear 𝑤𝑤,𝑚(𝑦) , the 

denotation w here means weighted and m means wear step m. We assume the total number 

of wheels on the simulated car is J, the total type curve number is I, the tack length that a 

certain type curve corresponds to is 𝐿𝑡𝑜𝑡,𝑖, and the total network length after considering the 

traffic condition is 𝐿𝑡𝑜𝑡,𝑛𝑤 . So, 

                       𝑤𝑤,𝑚(𝑦) = (𝑤1,𝑖(𝑦),𝑤2,𝑖(𝑦),… ,𝑤𝐽,𝑖(𝑦)) . (

𝐿𝑡𝑜𝑡,1/𝐿𝑡𝑜𝑡,𝑛𝑤
𝐿𝑡𝑜𝑡,2/𝐿𝑡𝑜𝑡,𝑛𝑤

…
𝐿𝑡𝑜𝑡,𝐼/𝐿𝑡𝑜𝑡,𝑛𝑤

)                   (2-7)       

And the corresponding track length is denoted as 𝐿𝑡𝑜𝑡,𝑚,  
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                                       𝐿𝑡𝑜𝑡,𝑚 = (𝐿1, 𝐿2, … , 𝐿𝐼). (

𝐿𝑡𝑜𝑡,1/𝐿𝑡𝑜𝑡,𝑛𝑤
𝐿𝑡𝑜𝑡,2/𝐿𝑡𝑜𝑡,𝑛𝑤

…
𝐿𝑡𝑜𝑡,𝐼/𝐿𝑡𝑜𝑡,𝑛𝑤

)                                  (2-8) 

However, in each of the wear step, there is a limit for maximum wear depth, because if the 

allowable wear depth in a step is too large, the calculated wear distribution would become 

unrealistic and uneven. The reason is that if the allowable wear is large the total wear steps 

would be few, so the execution of multibody simulation is few. In this way, the contact 

variables used in the simulation can have large difference with that of contact points in the 

real situation. And also, a maximum running distance is limited in each wear step. Because 

`the wear step expressed in running distance is more important compared to those expressed 

in other variables. According to Jendel’s study [1], in each wear step, it is suitable to set the 

maximum wear depth to be 0.1 × 10−3m, and the maximum running distance to be 1500 km. 

In wear calculation, we set the maximum wear depth to be 0.1 × 10−3m and based on this, 

we scale up or down the wear depth in positions of other y and scale up or down the running 

distance. We denote the maximum wear depth in 𝑤𝑤,𝑚(𝑦) as max⁡(𝑤𝑤,𝑚(𝑦)), and  denote 

the wear depth and running distance after scale up or down to be 𝑤𝑤𝑒𝑎𝑟𝑠𝑡𝑒𝑝,𝑚(𝑦),⁡𝐿𝑤𝑒𝑎𝑟𝑠𝑡𝑒𝑝,𝑚, 

so, 

                                             𝑤𝑤𝑒𝑎𝑟𝑠𝑡𝑒𝑝,𝑚(𝑦) =
0.1×10−3

max⁡(𝑤𝑤,𝑚(𝑦))
𝑤𝑤,𝑚(𝑦)                             (2-9)          

                                                    𝐿𝑤𝑒𝑎𝑟𝑠𝑡𝑒𝑝,𝑚 =
0.1×10−3

max⁡(𝑤𝑤,𝑚(𝑦))
𝐿𝑡𝑜𝑡,𝑚                                (2-10) 

If 𝐿𝑤𝑒𝑎𝑟𝑠𝑡𝑒𝑝,𝑚 is larger than 1500km, the scaling down is needed: 

                                              𝑤𝑤𝑒𝑎𝑟𝑠𝑡𝑒𝑝,𝑚
′ (𝑦) =

1500∙103

𝐿𝑤𝑒𝑎𝑟𝑠𝑡𝑒𝑝,𝑚
𝑤𝑤𝑒𝑎𝑟𝑠𝑡𝑒𝑝,𝑚(𝑦)                    (2-11)       

                                                         𝐿𝑤𝑒𝑎𝑟𝑠𝑡𝑒𝑝,𝑚
′ = 1500 ∙ 103                                       (2-12) 

2.1.6. Profile updating 

𝒘𝒘𝒆𝒂𝒓𝒔𝒕𝒆𝒑,𝒎(𝒚) is defined perpendicular to wheel profile. The profile angle along the wheel 

profile is 𝚪(𝒚). We denote the new coordinate for each point on the wheel profile after 

updating as 𝒚𝒖𝒑𝒅𝒂𝒕𝒆, ⁡𝒛𝒖𝒑𝒅𝒂𝒕𝒆,while the old coordinate is y, z. In this way, 

                                              𝑦𝑢𝑝𝑑𝑎𝑡𝑒 = 𝑦 + 𝑤𝑤𝑒𝑎𝑟𝑠𝑡𝑒𝑝,𝑚(𝑦)𝑠𝑖𝑛Γ(𝑦)                             (2-13) 

                                             𝑧𝑢𝑝𝑑𝑎𝑡𝑒 = 𝑧 + 𝑤𝑤𝑒𝑎𝑟𝑠𝑡𝑒𝑝,𝑚(𝑦)𝑐𝑜𝑠Γ(𝑦)                              (2-14) 

The relationship could be seen in Figure2-7 
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Figure2-7 Updating of the wheel profile [1] 

 

2.1.7. Smoothing 

Since the simulation set is obtained by discretizing the rail network. It is unavoidable that the 

simulated wheel profiles are not as smooth as it is in the real situation. So a smoothing 

procedure is needed. Besides, if the profile is not smooth enough, it can cause the pre-

processor KPF in Gensys to crash. 

The smoothing procedure is adopted at every wear step, and it is done in two level. Firstly, 

the obtained wear distribution would be smoothed. Secondly, after the wheel profile is 

updated, the wheel profile would be smoothed.  

Specifically, the natural cubic spline algorithm is utilized in smoothing process. Also, since 

the smoothing effect would be accumulated which can cause low precision, the smoothing 

parameter should be carefully chosen [1]. 

2.1.8.  Limitation of this method and solution 

From part 2.1, the limitation of Jendel’s approach is clear, it requires to execute the multibody 

simulation once for each wear step, and sometimes executing MBS costs a lot of time. So, 

this put a barrier, if the calculation speed is required to further improved. In order to improve 

the calculation speed, we should figure out way that save the MBS to execute at every step 

and also guarantee the result precision. So a modified wear calculation method is developed. 

2.2. Modified wear calculation method 

In order to improve the calculation speed, some previous researches have tried to simplify 

the calculation [8]. In this research, the modified calculation method we aim to implement 

uses different “strategies” to execute the MBS. It is assumed that the output from MBS only 

has little change, this way, the MBS output from the previous wear step can be used in the 

current wear step. Thus, MBS does not need to be executed at every wear step thus saving 

time. Specifically, the strategy can be executing the multibody simulation only at the first 

wear step, or the strategy can be executing the multibody simulation once every fixed wear 

steps, for example, once every five wear steps, or the strategy can be executing multibody 
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simulation once when every certain wear depth is generated (at the most worn point on the 

profile), for example, executing MBS once when 1mm wear depth is generated at the most 

worn point on the profile. The strategy would be discussed in detail in chapter 5. In this thesis, 

the wear steps with MBS executed at every step are called “complete wear step”, while the 

wear steps without executing MBS at every wear step are called “simplified wear step”.  

In order to make this methodology possible, a look-up table mechanism and contact detection 

program need to be developed and integrated into the modified wear calculation method. In 

the complete wear step, MBS would be carried out, and the output would be stored as a look-

up table. Then, in the simplified wear steps, those outputs would be retrieved and used in the 

wear calculation. And since MBS would not be executed at the simplified wear step, this way 

contact point detection subordinate integrated into Gensys, would not be executed. So, an 

independent contact point detection program is developed and used in simplified wear step. 

The workflow of the modified wear calculation method is shown in figure 2-8. For better 

comparison, the flow chart of classic wear calculation method figure 2-9 is shown again here.  

 

Figure 2-8 the workflow of simplified wear calculation process 

 

Figure 2-9 The workflow of classic calculation process 
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3. Look-up table mechanism 

3.1.  Definition and function 

The look-up table mechanism is an array indexing process that replaces runtime computation 

with a simpler array indexing operation. The savings in terms of processing time can be 

significant, since retrieving a value from memory is often faster than undergoing a time-cost 

computation or input/output operation.  

In this research, MBS results from the first wear step is stored in the look-up table. So, in the 

wear steps after the first wear step the time-consuming MBS would not be executed, and 

MBS results are directly retrieved from the computer memory, which is a fast process, thus 

time is saved. 

3.2. Process and structure 

In this part, the look-up table used in this research would be explained. As mentioned in 2.1.1, 

there are eight type curves in the simulation set. These eight type curve cases are independent 

to each other in multibody simulation and wear calculation. And when wear calculation is 

finished, the wear volume generated by each of these cases would be obtained and they would 

be summed up together to update the wheel profile. This relationship among Gensys, look-

up table and wear calculation are magnified in Figure 3-1. 

 

 

Figure 3-1 The relationship among Gensys, look-up table and wear calculation 
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At the complete wear step, Gensys would run the eight type curves as eight independent 

simulation cases and give out the time-domain output each. The output would be used at the 

complete wear step itself, and it would also be stored as a look-up table to be used in 

subsequent simplified wear steps. When the simplified wear step is executed the 

corresponding result from each of these eight type curves would be retrieved to be directly 

used in the wear calculation.  

The retrieve action relies on indexes. Those indexes are parameters of the type curve such as 

curve radius rail profiles, etc. With the indexes, the program can match the output in look-up 

table with the specific type curve case that is currently being executed in wear calculation. 

It is worth mentioning that the output data from Gensys is quite large, but, only a small 

proportion of it is needed to do the wear calculation. Deleting those unnecessary to make up 

the look-up table can minimise the scale of the look-up table, which could lower the 

requirement for the computation power and make the calculation process more stable. To 

delete the unnecessary data, a script has been developed in Matlab. 
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4. Contact points detection 
In wear calculation, the total volume of wear for each wheel could be obtained, after that, the 

worn out volume is applied to the location of the contact patch on the wheel profile. This 

process is repeatedly executed and the wheel profile is in this way continuously updated, and 

when the running mileage attains the desired magnitude, the wheel profile is the final profile. 

Through this process, we can see the precision of locating the contact patch is vital for the 

precision of wear calculation. As mentioned in 2.2 a contact point detection program would 

be developed in Matlab code and used in the simplified wear step. It is called as Matlab KPF 

for short in this thesis. The Matlab KPF developed in this research has merits like taking the 

material flexibility into consideration and being able to detect multiple contact points.  

4.1. Previous work 

Wang’s 2D approach 

In late 80s, Wang [23] developed an iteration method to detect the contact points between 

wheel and rail. In this method, the wheel rail contact is regarded as rigid, and the wheel would 

be “lifted” from the rail by a certain gap, and then a lateral displacement will be applied to 

the wheelset. After that, the wheelset is rotated by a very small fixed angle, and then, the gap 

between the point on the wheel and its corresponding point on the rail is calculated, for both 

left side and right side;; and this whole process is done in an iterative manner. When the 

minimum gap on the left side equals the minimum gap on the right side, we find the contact 

points, and the iteration stops. The sketch map is shown in Figure 4-1 below. The contact 

points found are the centers of contact patches on left and right side, for current lateral 

displacement. The flow chart of Wang’s 2D approach is shown in Figure 4-2. and Wang has 

also developed a 3D approach. 

  

Figure 4-1 wheelset lifted, displaced and rotated 
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Figure 4-2 Flowchart of Wang’s 2D approach 

Wang’s theory assumes the wheel and rail are rigid which means no penetration would 

happen. And in some other theory [24], the elasticity of wheel and rail would be considered. 

And the penetration is allowed at the contact patch.  

4.2. Approach developed in this research 

In this research, a new approach to detect the rail-wheel contact point is developed, it is coded 

in Matlab, we simply call it Matlab KPF. This new approach is based on Wang’s 2D approach 

and some conceptions from Gensys KPF [15].  This approach neglects the wheelset yaw 

angle. It can detect multiple contact points and it takes the material flexibility into 

consideration. In this chapter, the coordinate system shown in Figure 4-3 will be adopted. 

 

Figure 4-3 The coordinate system used in this research 

z 

y x 
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4.2.1. Multiple contact points detection 

When the wheelset moves laterally to the rail, it is possible that there are multiple contact 

points between wheel and rail. For Wang’s 2D theory it is robust to detect one contact point, 

but it does not consider detecting the second contact point. In Wang’s 2D theory, the wheelset 

is lifted up, and in order to find out the second contact point, we need to regard the gap as a 

function about y coordinates and look into the gap distribution along the y direction of the 

profile.  

Here, we assume the left side is the one where the second contact point is possible to happen. 

𝑔𝑙(𝑦)⁡ is the gap distribution on the left wheel and rail, the wheel profile regarding y is 

𝑧𝑤0(𝑦)  and the rail profile is 𝑧𝑦0(𝑦)⁡ (here, ⁡𝑧𝑤0(𝑦)  has taken the lifting-up gap into 

consideration), in the following way:  

                                                       𝑔𝑙(𝑦) = 𝑧𝑤0(𝑦) − 𝑧𝑦0(𝑦)⁡                                      (4-1)  

The valleys of 𝑔𝑙(𝑦)⁡are corresponding to the location where the multiple contact points 

may be. We set the point corresponding to lowest valley and second lowest valley of 

𝑔𝑙(𝑦)⁡as A and B. And assume the y coordinate of point A and point B is 𝑦𝐴 and 𝑦𝐵. the 

following relationships can be used to determine if B is the second contact point: 

 

 

Please note for the main contact point, 𝑔𝑙(𝑦𝐴) strictly equals 0, but for the second contact 

point, 𝑔𝑙(𝑦𝐵) does not need to strictly equal to 0. This is because the wheel and rail are 

actually flexible, as long as 𝑔𝑙(𝑦𝐵) is smaller than a certain tolerance, there are two contact 

points existing, as shown in equation (4-2) 

                                                              𝑔𝑙(𝑦𝐵) < 𝑡𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒                                           (4-2)  

The tolerance value should be determined by the flexibility calculation which will be 

introduced below. To summarise, the process of finding out two contact points can be shown 

in  Figure 4-4.  In certain cases, more than two simultaneous contact points can be found by 

using the same way.  By implementing those relationships into the computer code, the second 

contact points can be easily obtained.  
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Figure 4-4 The process of finding the second contact point 

Figure 4-5 below shows the contact points position with the wheel shifting laterally to the 

rail, before and after the multiple contact points are taken into consideration. Posw represents 

the contact point position on the wheel and eta represents the value wheel move laterally to 

the wheel. The wheel profile used here is S1002, and the rail profile used here is SEC001.  
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Figure 4-5 the posw-eta relationship before and after multiple contact points consideration 
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If we zoom the part in the orange dash box, we can get the Figure 4-6 below 
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Figure 4-6 Detailed review of area in dash box 

As we can see clearly in the left graph, when the eta equals (-4.0,-3.3) there is an overlap for 

the two lines in the graph, this is where two points contact happens, while in the right graph, 

there is no overlap part at all.  

4.2.2. The flexibility in rail wheel contact 

In most of the rail wheel contact detection programs, material flexibility is not considered. 

According to codes such as UIC519/ EN15302, the wheel and rail could be regarded to be 

infinitely rigid. However, this rigid assumption is ok if the input wheel and rail profiles come 

directly from the theoretical designing drawing, which is very smooth, but if the input profile 

is from measurement, it can be very noisy, which can cause problems for the program to 

detect the contact points. After considering the flexibility, the effect of a noisy profile can be, 

to some extent, smoothed. 

Some previous work also considered the material flexibility in contact problems in different 

ways [23][25][26][27][28][29][30]. And in this research work, the Winkler method is used 

to do the flexibility calculation[15][31][32]. In Winkler method, the surface geometry of the 

contact bodies is “converted” to be a surface of an indenter. And this indenter would be used 

to be applied on the Winkler mattress composed of many tiny elastic rectangular bars (shown 

in Figure 4-8 below). This way, some property in the contact between indenter and Winkler 

mattress is the same as the contact between wheel and rail. This would be further explained 

in the section right below. And the pressure distribution obtained from Winkler calculation 

is used as the weighting function to calculate the wheel rail geometry function, the flexibility 

of wheel and rail is, in this way, considered. 

Converting the wheel rail contact to Winkler contact 

First, we obtain the rigid contact points, wheelset lateral displacement, wheelset rotation 

angle, through the approach of Wang’s 2D theory. So, the relative position between the wheel 

and rail is determined. Based on this, we press the wheel against rail, using the static load 
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force on the wheel. If they are flexible, there is a penetration volume when they are pressed 

together, shown in Figure 4-7.   

 

Figure 4-7 The penetration volume between wheel and rail 

We assume that at the penetration area, the wheel profile and rail profile are 𝑧𝑤  and 𝑧𝑟 

respectively (here, the wheel and rail are pushed together, so 𝑧𝑤 does not take the gap caused 

by lifting up into consideration) 

                                                                𝑧𝑤 = 𝑧𝑤(𝑥, 𝑦)                                                    (4-3) 

                                                                  𝑧𝑟 = 𝑧𝑟(𝑥, 𝑦)                                                    (4-4) 

 

In Winkler method, the surface geometry of the indenter is obtained by equation 4-5.  

                                                            𝑧 = 𝑧𝑟(𝑥, 𝑦) − 𝑧𝑤(𝑥, 𝑦)                                         (4-5)   

 

Figure 4-8 The object applied on Winkler mattress 

In this way, the penetration volume between wheel and rail is equal to the volume caused by 

the indenter penetrating into the Winkler mattress, shown in Figure 4-9. Please note, in this 

research, we do not set the Winkler mattress in between the wheel and rail, but use a 

“converted” indenter to press the mattress, this is for a more understandable explanation in 

following-up steps. 
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                Figure 4-9 The penetration between wheel rail and penetration in Winkler mattress  

     

Calculating penetration volume from force and deformation relationship                                        

In Winkler mattress, the elastic bars are very tiny which are on the same scale of small points 

on the mattress. Those bars have the same flexibility property, and they are not laterally 

linked to each other (i.e. no shear between them) and can deform vertically independently. 

The flexibility (the inverse of the stiffness) of the bars in Winkler bed need to be calibrated 

by a known method, in this research, Hertz theory is used to do the calibration. So, The 

stiffness of the elastic bar can be expressed as 

                                                                 𝐾𝑁 = 𝐶𝑊
𝐸∗

𝑏𝐻
                                                      (4-6) 

                                     𝐸∗ = [(1 − 𝜈1
2)/𝐸1 + (1 − 𝜈2

2)/𝐸2]
−1                                       (4-7) 

where 𝑏𝐻  is the calculated shorter semi-axis of the Hertzian contact ellipse and 𝐸∗ is the 

equivalent modulus of elasticity (𝜈1⁡𝐸1⁡𝜈2⁡𝐸2⁡are Poisson ratios and Young's modulus of the   

material of the two contact patches) 𝐶𝑊 is a non-dimensional constant. 

The choice of  𝐶𝑊 value will directly influence the equivalence between the Hertz contact 

and Winkler contact. For example, the similarity of the pressure distribution calculated by 

Hertz theory and by Winkler theory or the contact patch size calculated by Hertz theory and 

by Winkler theory. So, the choice of 𝐶𝑊 should be determined according to how the pressure 

and deformation are going to be used, i.e. which parameter is more important in the usage. 

From the results presented in literature [31], in this study we choose 𝐶𝑊 = 1.35, because this 

value can give a good equivalence to contact patch size and pressure between the result  from 

Hertz theory and the result from Winkler theory. Pressure and contact patch’s size are the the 

parameters used in this study.  

The calculation of 𝑏𝐻 follows the same way mentioned in literature [33]. One thing worth 

mentioning is that the wheel and rail radius in lateral direction needed in the calculation can 

be obtained by the following equation, where 𝑦′ and 𝑦′′ are the first and second derivative 

of wheel or rail profile. 
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                                                         𝑟𝑎𝑑𝑖𝑢𝑠 =
(1+𝑦′2)3/2

|𝑦′′|
                                                  (4-8)                        

In order to make the indenter penetrate into the Winkler mattress, a pre-set force 𝐹𝑁 is applied 

on the indenter. Because of deformation, the mattress gives contact pressure as the reaction. 

This contact pressure distribution is used as a weighting function in determining and 

calculating the contact point, and the detailed process will be explained in the following part.  

When the indenter is pressing against the Winkler mattress, the penetration depth value at 

each elastic bar 𝑢𝑖 (or we can say the penetration depth value at each point, the elastic bar is 

very tiny) is generated, the sum of the force 𝑝𝑖 caused by the penetration should equal to the 

force applied on the indenter, as shown in equation (4-9), 𝐴⁡is the elastic bar’s top surface 

area. The relationship between 𝑝𝑖 and 𝑢𝑖 is shown in equation (4-10) 

                                                                𝐹𝑁 = ∑ 𝐴𝑝𝑖𝑖                                                       (4-9) 

                                                                  𝑝𝑖 = 𝐾𝑁𝑢𝑖                                                      (4-10) 

From (4-9) and (4-10) we have: 

                                    𝐹𝑁 = ∑ 𝐴𝑝𝑖 = ∑ 𝐴𝐾𝑁𝑢𝑖 = 𝐾𝑁 ∑ 𝑢𝑖𝐴𝑖𝑖𝑖 = 𝐾𝑁𝑉𝑑𝑒𝑓                      (4-11) 

Here, in equation (4-11), ∑ 𝑢𝑖𝐴𝑖  is equal to the total deformation volume 𝑉𝑑𝑒𝑓                                                           

of the Winkler bed. And the deformation volume could be expressed as in equation (4-12) 

                                                               𝑉𝑑𝑒𝑓 = 𝐹𝑁/𝐾𝑁                                                   (4-12) 

Calculating penetration depth value from geometry relationship                                        

After obtaining the deformed volume 𝑉𝑑𝑒𝑓 from the force and deformation relationship, a 

literation procedure [31] shown in the flow chart below can be implemented to calculate the 

deformed volume 𝑉𝑑𝑒𝑓
′  in a geometry relationship, and at the same time, the penetration depth 

𝛿 can also be determined. 

 



 

 

31 

 

 

Figure 4-10 Flowchart of the literative process to determine the penetration value 

As mentioned in the previous part of this chapter, the deformed volume of Winkler mattress 

is equal to the geometric penetration volume of rail and wheel. So, we can calculate the 

geometric penetration volume of rail and wheel in the following way:  

First, we discretize the wheel and rail laterally in a resolution of 0.05mm, and a number of 

slice elements are generated, as shown in Figure 4-11. Also, a coordinate system is used here, 

with its origin set to be where the nominal running radius exists, as shown in figure 4-11. In 

each of the slice elements, there is geometrical penetration indicated as the shaded area. So, 

as long as the penetration volume for each slice element can be obtained, the sum of which 

is the penetration volume of wheel and rail. And the penetration volume in each slice element 

can be calculated by integration. 
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                     Figure 4-11 The discretization (left) and the slice element (right) 

 

                           

      
Figure 4-13The wheel- rail cross 

section z-x coordinates 

 

𝑧(𝑦)                                                      𝑢(𝑥)                                                      

Figure 4-12 The penetration part in 

slice element i (z-x coordinates) 
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The process is as follows:  

Figure 4-12 depicts a slice element which includes the penetration area. The wheel profile in 

slice element i could be expressed as  

                                               𝑧𝑤
𝑖 (𝑥) = −√𝑟𝑖

2 − 𝑥2 + 𝑟0                (i=1,2,…,n)               (4-13) 

In this equation, 𝑟0 is the nominal running radius of the wheel, the origin of the coordinate is 

at the point where nominal running circle exists. So, the radius 𝑟𝑖of wheel crosscut at each 

slice element can be expressed as  

                                                                    𝑟𝑖 = 𝑟0 − 𝑧(𝑦𝑖)                                             (4-14)        

𝑦𝑖 is the y coordinate of the central point of the slice element in y direction, z(y) is the function 

of the wheel profile in z-y plane, as shown in Figure 4-13. 

and the rail profile in z-x plane could be expressed as  

                                                                    𝑧𝑟(𝑥) = 𝑧𝑟                                                     (4-15)      

So, the penetration depth at each x point between wheel and rail in each slice element could 

be expressed as 

                                                                 𝑢𝑖(𝑥) = ⁡ 𝑧𝑟 − (𝑧𝑤
𝑖 (𝑥) − 𝛿)                            (4-16) 

So, the penetration volume 𝑣𝑖 of wheel and rail at slice element i could be expressed as: 

                                                                      𝑣𝑖 = 𝑑 ∙ ∫ 𝑢𝑖(𝑥)
𝑥2
𝑥1

                                       (4-17) 

Substitute (4-16) into (4-17) 

                                                    𝑣𝑖 = 𝑑 ∙ ∫ (𝑧𝑟 − (𝑧𝑤
𝑖 (𝑥) − 𝛿))

𝑥2
𝑥1

                                  (4-18) 

(𝑥1, 𝑥2)⁡is⁡the⁡interval⁡where (𝑧𝑟 − (𝑧𝑤
𝑖 (𝑥) − 𝛿)) < 0.  

d is the thickness of the slice element, 𝛿 is the assumed penetration value between the wheel 

profile and rail profile (it is also the penetration value between indenter and Winkler 

mattress). This integration process can consume a lot of computer resources, if it is needed 

to be faster, the relationship of 𝑣𝑖 and 𝛿 can be made to be a table, and prestored into the 

computer memory. 

And the sum of all the 𝑣i is the total penetration volume v between wheel and rail. 

                                                                      𝑉𝐷𝑒𝑓
′ = ∑ 𝑣𝑖

𝑛
1                                               (4-19) 
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substitute (4-13)-(4-15) and (4-18) into (4-13) we get  

                            𝑉𝐷𝑒𝑓
′ = ∑ (𝑑 ∙ ∫ (𝑧𝑟 − (−√(𝑟0 − 𝑧(𝑦𝑖))2 − 𝑥2 + 𝑟0 − 𝛿)))

𝑥2
𝑥1

𝑛
1             (4-20) 

In this way, we get the penetration volume calculated by geometry relationship. And as 

shown in Figure 4-10, as the difference between  𝑉𝐷𝑒𝑓
′   and   𝑉𝑑𝑒𝑓 is within the tolerance, the 

𝑉𝐷𝑒𝑓
′  calculated from geometry relationship is valid. And the penetration depth value 𝛿 we 

assume is valid. After implementing all the calculations into computation code, we find that 

the penetration is normally in the order of 0.05 mm. This value could be used as the tolerance 

mentioned in part 4.2.1.  

With this penetration depth value 𝛿 between wheel and rail, we can calculate the pressure 

distribution p(x, y)  

                                                         𝑝(𝑥, 𝑦) = ⁡𝐾𝑁 ∙ 𝛿(𝑥, 𝑦)                                             (4-21) 

𝛿(𝑥, 𝑦)  is the penetration value at each elastic bar on Winkler mattress (while 𝛿  is the 

penetration depth value between the wheel and rail or indenter and Winkler mattress). We 

use the pressure distribution as the weighting function to calculate the y coordinate of contact 

point 𝑦𝑐 (in this thesis we do not consider the longitudinal position variation of contact point) 

                                                    𝑦𝑐 = ∬𝑦 ∙ 𝑝(𝑥, 𝑦) /∬𝑝(𝑥, 𝑦)                                     (4-22) 

Substituting (4-21) into (4-22) 

                                                   𝑦𝑐 = ∬𝑦 ∙ 𝛿(𝑥, 𝑦) /∬𝛿(𝑥, 𝑦)                                     (4-23) 

However, 𝛿 (x, y) does not have a specific formula expression in y direction, so (4-22) and 

(4-23) cannot be calculated in the way of double integral. In order to calculate 𝑦𝑐, we use the 

same method as we use to calculate the penetration volume. we first divide the wheel rail 

model laterally into n slice elements, do the integral along x direction at each of the slice 

elements and then add up all the integral results of each slice element. Through this way, 𝑦𝑐 

can be expressed as 

                                 𝑦𝑐 = ∑ (𝑦 ∙ ∫ 𝑢𝑖2(𝑥)
𝑥2
𝑥1

𝑛
𝑖1=1 /∑ (∫ 𝑢𝑖1(𝑥))

𝑥2
𝑥1

𝑛
𝑖2=1 )                           (4-24) 

𝑢𝑖1(𝑥) and 𝑢𝑖2(𝑥) are the same and are the penetration depth value at each elastic bar. In 

terms with the expression of 𝑢𝑖1(𝑥) and 𝑢𝑖2(𝑥), it is shown in equation (4-16), substitute (4-

16) into (4-24) we can get 

                                           𝑦𝑐 = ∑ [𝑦 ∙ ∫ (𝑧𝑟 − (−√(𝑟0 − 𝑧(𝑦𝑖1))2 − 𝑥2 + 𝑟0 − 𝛿))
𝑥2
𝑥1

𝑛
𝑖1=1 /

∑ (∫ (𝑧𝑟 − (−√(𝑟0 − 𝑧(𝑦𝑖2))2 − 𝑥2 + 𝑟0 − 𝛿))
𝑥2
𝑥1

𝑛
𝑖2=1 )]                                                 (4-25) 
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All the above in part 4.2.2 is the way to consider the material flexibility when re-calculating 

the position of the contact point after obtaining a rigid contact point by Wang’s 2D theory. It 

deals with the situation when there is only one contact point between wheel and rail, which 

is the most common case when the wheel moves laterally to the rail.  

However, if there are multiple contact points, it is important to determine the vicinities belong 

to each of the contact points. Assume the dividing point for the vicinity of contact point 1 

and 2 is 𝑦𝑑, based on equation (4-1) it should satisfy the following relationship below 

 

After obtaining 𝑦𝑑 the slice elements mentioned above should be divided into two groups as 

each group is on one side of 𝑦𝑑. here we assume slice elements 1 to 𝑛1 are on one side of 𝑦𝑑 

and 𝑛1 + 1 to 𝑛2 are on the other side of 𝑦𝑑. The y coordinate of the first and the second 

contact point 𝑦1 and 𝑦2 are calculated through the following way: 

                                       𝑦1 = ∑ (𝑦 ∙ ∫ 𝑢𝑖2(𝑥)
𝑥2
𝑥1

𝑛1
𝑖1=1 /∑ (∫ 𝑢𝑖1(𝑥))

𝑥2
𝑥1

𝑛1
𝑖2=1 )                      (4-26)                                               

                                       𝑦2 = ∑ (𝑦 ∙ ∫ 𝑢𝑖2(𝑥)
𝑥2
𝑥1

𝑛2
𝑖1=𝑛1+1

/∑ (∫ 𝑢𝑖1(𝑥))
𝑥2
𝑥1

𝑛2
𝑖2=𝑛1+1

)           (4-27)                              

If there are more contact points, they can be calculated using the same way.  

Figure 4-14 below compares the eta-posw relationship before and after flexibility 

consideration. M-flexibility-1 and M-flexibility-2 refer to the contact point 1 and contact 

point 2 when the flexibility is considered. M-rigid-1 and M-rigid-2 refer to contact point 1 

and 2 when the wheel and rail are considered to be rigid. As we can see, the most distinct 

part is shown in the orange dash box, the case with flexibility is smoother and more 

continuous than the rigid one. 
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Figure 4-14 Comparison of eta-posw relationship before and after flexibility consideration 

        

4.3. Results  

Based on all the procedure discussed above, the complete process is depicted in Figure 4-15 
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Figure 4-15 the whole process of contact point detection 

In order to validate the reliability of the contact point detection program developed in this 

research, the result from Matlab KPF is compared with the result from Gensys KPF. The 

wheel profile used here is S1002 and the rail profile used here is SEC001. As shown in Figure 

4-16 below is the graph Gensys KPF result compared with Matlab KPF result with flexibility 

into consideration and the graph Gensys KPF result compared with Matlab KPF result 

without flexibility into consideration. Generally speaking, they both show high agreement 
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with each other, but the Matlab KPF result with flexibility into consideration is more in 

accord with the Gensys result, when eta ranges from 5 to 8mm (shown in the dash box). It is 

more continuous and more smooth. However, in both of these two graphs, Gensys KPF result 

shows a longer duration for two contact points exists simultaneously. 
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Figure 4-16 Gensys KPF result compared with Matalab KPF result with flexibility 

consideration(left) and without Flexibility consideration(right) 
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5. Results 
As mentioned in section 2.2, different strategies to execute MBS are used in the modified 

wear calculation method, and in this chapter results from those strategies will be compared 

with results from classic wear calculation. The results below, if not specially mentioned, are 

all from the left wheel of the first wheelset of the vehicle. 

5.1. Strategy 1  

The first strategy is that the MBS will only be executed once at the first several wear step, 

and at the following wear steps, the multibody simulation (in this research, Gensys 

simulation) would not be executed, and the wear calculation in those following-up wear steps 

will continuously use the contact variables from the MBS at the third wear step (here, we do 

not use the MBS result from the first wear step because the contact variables from the first 

wear step are not representative, and the variables from the third wear step are more stable 

and representative for the following wear steps). The precision is fine till the running distance 

exceeds 3200km, and Figure 5-1 below shows the comparison between the classic method 

and the modified method using the strategy 1, when the running distance is about 3200km. 

As we can see from Figure 5-1, the result from strategy 1 matches the result from the classic 

method when the running distance is 3200km. In fact, the modified wear method has a high 

precision when the simulated running distance is equal to or below 3200km. And it saves 

time, when the simulation distance is 3200km, it consumes 32% less time.  But when the 

simulated running distance exceeds 3200km, the wear distribution from the strategy 1 starts 

to diverge from the classic method. Figure 5-2 shows the result from strategy 1 when 

simulated running distance achieves around 3400km where there is an obvious distortion 

(shown in the blue dash box). After 3200km, with the increasing of the running distance, the 

result from strategy 1 seems to drift away more with the result of the classic method.  
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Figure 5-1 The result comparison between traditional way and strategy 1 at running distance 

of 3200km 
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Figure 5-2 The result comparison between traditional way and strategy1 at running distance 

of 3400km 

In fact, even for the classic wear calculation method, there is some distortion when the 

simulation distance is 3500km, because of the imperfection of the profile when it evolves 

from wear. But because the classic method uses simultaneous MBS result, the KPF results 

always work with the right MBS result for the current ongoing wear simulation. The 

distortion would not become severe and will gradually “recover”. The distortion is somehow 

like disturbance and will be eliminated finally. But in the strategy 1, the distortion is not only 

caused by imperfection of the profile, but also caused by other reason, which will be 

elaborated below.  

First of all, we should focus on MBS result, i.e. the contact variables. Figure 5-3 shows the 

comparison of contact force Fn, longitudinal creepage nux, lateral creepage nuy, spin 

creepage when the running distance is 440km and 3000km. In fact, with the increase of the 

running distance, these variables do not change too much. In order to show these variables 

more clearly, the track irregularity is not considered in the graphs here.  
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Figure 5-3 Contact variable change when the running distance increase from 440km to 

3000km 

These comparisons show that these variables are not responsible for the distortion, and other 

error sources should be thought about. Since we continuously use the MBS result from the 

third wear step, but use simultaneous KPF (contact points detection) result in each following-

up wear steps. This way, we apply the same wear volume (because the contact variables like 

contact force and sliding distance determine the amount of the wear volume) to different 

points (because KPF determines where the wear is generated on the wheel profile) and this 

process is  shown in Figure 5-4. So, the problem might come from the KPF calculation. 

Before we check the KPF result, we can first have a look at the wear generated in each type 

curve. Figure 5-5 shows the wear generated by each type curve when the running distance is 

about 3200km, and Figure 5-6 shows the wear generated by each type curve the running 

distance is about 3400km. As we can see from Figure 5-5 and Figure 5-6 when the running 

distance exceeds 3200km the wear which should be in the flange shifted leftwards, and wear 

should be on flange shift rightwards. So, from this, it could be assumed that the KPF gives 

the wrong location of contact points and the wear is applied to the wrong location, thus the 

wear distribution distorts. 

 

Figure 5-4 The process flowchart 
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Figure 5-5 wear distribution generated by each type curve at running distance about 3200km 
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Figure 5-6 wear distribution generated by each type curve at running distance about 3400km 

 

Figure 5-7 shows the KPF result when the running distance is around 3200km and 3400km 

respectively. As we can see the KPF relationship changes dramatically. When the running 

distance is 3200km and the eta is 8mm the posw is 40mm, while when the running distance 

is 3400km and the eta is 8mm, the posw is 25mm. This exactly corresponds to the location 

of the maximum wear in figure 5-5 and figure 5-6. So, the reason for the sudden distortion is 

because we apply the wear volume from the previous wear step to the location from the 

current KPF result, but in reality, the correspondence relationship between wear volume and 

KPF result have changed much. The location on the profile is applied with the wear volume 

that does not belong to it.  
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A more detailed explanation of this effect is as follows: In figure 5-6, the location of 25mm 

(posw equalling 25mm) corresponds to the maximum wear volume, and the location of 25mm 

corresponds to eta equalling 8mm. in wear calculation process, eta is firstly determined, and 

then with eta, posw can be found out according to KPF relationship. posw is the location of 

the contact point. In wear step 3, when eta is 8mm (the maximum wear is generated when eta 

is 8mm), the corresponding posw is 40mm, so in wear step 3 the maximum wear depth 

happens in the location of 40mm on the profile. Also, when the running distance is 3200km 

the KPF relationship does not has a big difference with the KPF relationship in wear step 3, 

so the maximum wear depth still generates in the location of 40mm. But when the running 

distance increase to 3400km, the KPF result changes suddenly, eta equalling 8mm change to 

correspond to a different position on the wheel, which is posw equalling 25mm, however, we 

continuously use the same wear volume in wear step 3, so the max wear depth is applied to 

location of posw equalling 25mm. If we ran MBS when the running distance is 3400km we 

can get the right wear distribution and the result is shown in Figure 5-8.  Different from figure 

5-6, the max wear depth is still in location of posw equalling 40.  So, the MBS result from 

wear step 3 should not be used anymore because its corresponding relationship with current 

KPF result is out of date, it does not match with the current KPF result. If it is used, errors 

would be caused. So, for strategy 1, if the corresponding relationship between MBS result 

and KPF result changes, it cannot give the precise relationship. 
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Figure 5-7 KPF relationship at running distance about 3200km(left) and 3400km(right) 
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Figure 5-8 the precise wear distribution generated by each type curve at running distance 

about 3400km 

 

Then, the question is what amount of the simulated distance should the strategy 1 be used 

for?  As for different rail networks, there should be different simulated distances that the first 

method is suitable for, the answer there is that the strategy 1 can be used till an obvious 

distortion is generated in the wear distribution.  

5.2. Strategy 2   

In the strategy 2, MBS would not only be executed at the first wear step, but it will be 

executed intermittently according to a certain criteria. Three ways are considered in this thesis: 

• Executing the multibody simulation (MBS) at the fixed wear step. For example, carry 

out MBS every three wear steps. 

• Executing MBS once every time after a certain wear depth is generated (referring to 

the maximum wear depth on the profile). 

• Executing MBS once every time after a certain simulated running distance is achieved. 

For example, executing MBS once every 500km. 

In fact, the executing of MBS intermittently is like “correcting” the error that is accumulated 

in strategy 1, so the precision in the strategy 2 can be higher. After comparing these three 

options, the first one above is chosen, as it can guarantee the “correcting” occcurs in time. If 

we adopt the second way, when the wheel profile is only moderately worn, the wear volume 

generated in a certain running distance is relatively light. It requires a long running distance 

to attain a certain wear depth, taking a long running distance for the MBS to be executed one 

more time, in this way, the correcting effect may not occur in time. If we adopt the third way, 

when the wheel is new or just turned, the wear volume generated in a certain running distance 

is relatively high, and a large wear volume can be caused within a very short running distance. 

If no MBS is executed when such large wear volume is generated, and such large wear 
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volume is totally calculated according to the previous MBS result, the wear volume can be 

unrealistic and uneven. So, the third way is not ideal.  

The result from the first method is interesting to discuss: when the simulated distance is 

within 0 and 2800km the result from strategy 2 matches the result from classic method, 

despite the wear depth from strategy 2 is a little bigger than that from classic method, as 

shown in figure 5-9, when the simulated running distance is 2800km. But after that, when 

the simulated running distance is 3000km the distortion suddenly happens in the result from 

strategy 2 as shown in figure 5-10. But, different from stategy1, the distortion will not 

become more and more severe, instead, it would automatically recover as it does in the classic 

wear calculation method, and become a typical wear distribution again at about 4900km. The 

reason is that since the MBS would be executed in a fixed wear step, the error is gradually 

corrected by new MBS results. But after that, the wear depth is smaller than the result from 

classic wear calculation method, as shown in Figure 5-11. 
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Figure 5-9 Comparison between classic method and strategy 2 at running distance about 2800 

km 
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Figure 5-10 Distortion when the simulated distance become 3000km  
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Figure 5-11 Comparison between classic method and strategy 2 at running distance about 7000 

km 

In Figure 5-11 we can see that the shape of the distribution almost agrees with each other, 

but the maximum wear depth from strategy 2 is smaller than the classic way. How to improve 

this and make strategy 2 more precise then?  

The wear volume is calculated by Achard’s theory, where the wear coefficient is determined 

by contact pressure and sliding velocities. After investigating the contact pressure and sliding 

velocity at contact patches in the simulation set, it is found that the contact type would 

significantly influence the wear coefficient, which is shown in Figure 5-12. As seen in Figure 

5-11, strategy 2 gives a big difference in wear at flange compared with classic method. And, 



 

 

47 

 

according to the result, the location on the wheel where most severe wear happens is 40mm. 

And at the 40mm area, after checking the slip velocity and contact pressure in this area, the 

corresponding wear coefficient can fall into k1, k2, k3 area, but with highest possibility 

mostly falls into k1 area of Figure 5-12. In classic method, the k1, k2, k3 value is set to be 

350 ∗ 10−4,⁡30 ∗ 10−4,⁡5 ∗ 10−4,and if we continue to use these values, the error would be 

caused as shown in Figure 5-11.  

 

Figure 5-12 Wear coefficient graph 

So, we should use a different value. And first we only try to change the value of k1, to see if 

this can get a good result. A parametric study is carried out in order to find out the best k1 

value in strategy 2, we set k1 to be different values (as shown in table 5-1) and run the 

simulation. It is found out that when k1=360 ∗ 10−4, the result has the best precision. And 

the precision is improved much. Even after about 7000km, the precision is still high the 

precision is about 94%, which is a satisfied precision, as shown in Figure 5-13. And the flange 

thickness tf and flange height hf comparison is shown in Figure 5-14. The tf and hf are 

important reference variables to determine the wheel turning and the result from strategy 2 

shows high agreement. It saves 29% simulation time, when the simulated running distance is 

7000km. 
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Table 5-1The different values of k1 

Case Value of k1 

1 360 ∗ 10−4 

2 370 ∗ 10−4 

3 380 ∗ 10−4 

4 390 ∗ 10−4 

5 400 ∗ 10−4 
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Figure 5-13 Comparison between classic method and strategy 2 at running distance about 7000 

km with k1=360 ∗ 10−4 
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Figure 5-14 Flange thickness and flange height comparison between classic method and 

strategy 2  
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6. Conclusions and future work 

6.1. Conclusion 

In this thesis, a modified wear calculation method together and a contact point detection 

program are developed and tested. 

The developed contact points detection script developed in this research takes material 

flexibility into consideration and is able to detect multiple contact points. It shows a very 

high agreement with the contact points detected in the commercial software.  

Regarding the modified wear calculation method, from the results, strategy 1 can give precise 

results until there is distortion happen in the wear distribution. Strategy 2 shows high 

precision compared to the result from classic wear calculation method for a long simulation 

distance. However, the time saved in this research by strategy 2 is not that much. But if it 

used for other cases where the executing of MBS costs more time (for example when the 

multibody simulation is more complicated), the time saved can be considerable.  

6.2. Future work 

For modified method strategy 1, according to current results from this research, the precision 

is low after a running distance of 3400km. However, it seems its precision is heavily 

influenced by the rail network. The rail network used in this research is very curvy, and if it 

is more straight, the precision can be still acceptable at a longer distance.  

In modified method strategy 2, the wear coefficient k1 is set to be 360 ∗ 10−4  and the 

precision is satisfactory, however, it can be further improved, by even finer parametric study 

and find out the best value for k1. After adjusting k1, the maximum wear depth allowed in 

each wear step may need to be changed, otherwise, the simulated running distance can be 

very low.  

In strategy 2, the MBS is executed once every three wear steps in this research. In fact, this 

could be treated as a parameter, and an optimal way can be found out by parameter study. 

Possibly, with a lower frequency of MBS execution (for example executing MBS once every 

five wear steps), a moderate precision can still be achieved. 

For strategy 2 and a running distance of 7000km, the result still has high precision. But 

because of the limit of computation power, a longer running distance has not been simulated 

in this research. The precision change for a longer running distance is an open question. 

The influence of different rail network on the validity of strategy 2 is not investigated in this 

research. Also, If the k1 value has to be different for different rail network is worth 

investigating.  

The modified method should be applied into a real case to test its validity in the future.  
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