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Abstract 

 

During the last decade, a novel methodology for wheel wear simulation has been developed in 
Sweden. The practical objective of this simulation procedure is to provide an integrated 
engineering tool to support rail vehicle design with respect to wheel wear performance and 
detailed understanding of wheel-rail interaction. The tool is integrated in a vehicle dynamics 
simulation environment. 

The wear calculation is based on a set of dynamic simulations, representing the vehicle, the 
network, and the operating conditions. The wheel profile evolution is simulated in an iterative 
process by adding the contribution from each simulation case and updating the profile 
geometry. 

The method is being validated against measurements by selected pilot applications. To 
strengthen the confidence in simulation results the scope of application should be as wide as 
possible in terms of vehicle classes. The purpose of this thesis work has been to try to extend 
the scope of validation of this method into the light rail area, simulating the light rail vehicle 
A32 operating in Stockholm commuter service on the line Tvärbanan.  

An exhaustive study of the wear theory and previous work on wear prediction has been 
necessary to understand the wear prediction method proposed by KTH. The dynamic 
behaviour of rail vehicles has also been deeply studied in order to understand the factors 
affecting wear in the wheel-rail contact.  

The vehicle model has been validated against previous studies of this vehicle. Furthermore 
new elements have been included in the model in order to better simulate the real conditions 
of the vehicle. 

Numerous tests have been carried out in order to calibrate the wear tool and find the settings 
which better match the real conditions of the vehicle. 

Wheel and rail wear as well as profile evolution measurements were available before this 
work and they are compared with those results obtained from the simulations carried out. 

The simulated wear at the tread and flange parts of the wheel match quite well the 
measurements. However, the results are not so good for the middle part, since the 
measurements show quite evenly distributed wear along the profile while the results from 
simulations show higher difference between extremes and middle part. More tests would be 
necessary to obtain an optimal solution. 

Key words: wheel wear, light rail, train, simulation, vehicle model, wear chart, wheel flange, 
tread, rail profile, wheel profile.  
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1 Introduction 

1.1 Background 

A first approach to wear needs a definition of the phenomenon. Wear can be defined as 
material loss or change in surface texture occurring when two surfaces of mechanical 
components contact with each other [40]. There are many different types of wear and a wide 
variety of working conditions, making wear a very complex problem. 

As it occurs between any surfaces in contact, wear on rail or wheel is something unavoidable 
in a railway system. Even with newer techniques, like automatic track and wheel lubrication 
or the use of advanced wheel and rail material, it is still something that takes place and that 
must be taken into account. It is so important because, in addition to maintenance aspects, 
even small changes of the wheel or rail profiles could produce a drastic change in vehicle 
behaviour. Due to this change, the vehicle looses the characteristics that were foreseen during 
the phase of design. For this reason it would be desirable to find a trustable tool to predict this 
wear and reduce it as much as possible. Moreover, the trend for the future is towards higher 
speed and increased axle loads, leading to a higher sensitivity to the wheel profile, which 
makes wear control more important. 

Wheel and rail wear affects the system performance in at least three different ways: The 
safety of the system, its dynamic behaviour and the frequency of maintenance [1].  

Examples of safety reduction are the risk of derailment, safe passing of turnouts and loss of 
material strength when the wheel flange becomes too thin. In this category, the parameters 
used to evaluate the condition of the wheel profile are for instance flange thickness, flange 
height and flange inclination, which will be explained in detail in Section 4.2.  

The worsening of dynamic behaviour is presented as ride instability, increase in vehicle-track 
force levels and worse ride comfort. The parameters affecting the stability are most difficult to 
evaluate, but are mainly manifested by the equivalent conicity which is difficult to measure.  

The requirements for maintenance can be clearly understood in terms of money. For example, 
already in 1984 SJ (Swedish State Railways) and ASEA Traction (now part of Bombardier) 
carried out several investigations about cost savings by introducing radially steering bogies in 
trains on two lines of the Swedish railway network. Such bogies have a soft primary 
suspension in the horizontal plane, so that wheelsets adapt better to the radial position on the 
curved track. In this way they reduce the friction forces and thus the wear in the contact area. 
Table 1-1 shows the cost reduction which could be achieved due to this change. Consequently 
it can be concluded that the focus on infrastructure maintenance and rolling stock life cycle 
costs also draw attention to the possibilities of wear control. 

All these consequences of wheel-rail wear point to the need of a calculation tool which 
permits to predict wear in the best way possible. Such a tool would be useful for maintenance 
planning, optimization of the railway system and its components as well as trouble-shooting. 
More specifically, the field of application may include estimation of reprofiling frequency, 
optimisation of wheel-rail profile match, optimization of running gear suspension parameters 
(as in the example above), and recognition of unfavourable profile evolution influencing the 
dynamic response of the vehicle [11]. 
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Table 1-1  Maintenance costs reduction due to better steering in curves for two bogies and two lines [1] 

 

To understand the mechanisms of wear, it first is necessary to study the causes behind it. A 
rail vehicle needs wheel-rail contact forces to follow the track. Thanks to the normal forces 
the vehicle is supported on the track and thanks to the tangential ones it is able to accelerate, 
brake and negotiate curves. The tangential forces in the contact plane are transmitted through 
a certain amount of friction in the contact area. This contact area is thus divided in two 
regions: adhesion zone and slip zone. In the slip zone small sliding motion between wheel and 
rail occurs, and friction or creep forces arise. These creep forces are identified to be the main 
cause of the wheel and rail profile changes over time. Material removal due to this effect is 
what we here call wear. Besides, high contact stresses in the contact area causes plastic 
deformation. How much material is permanently deformed depends among other things on 
rail hardness, traffic load and curve radii.  

As an example, Figure 1-1 and Figure 1-2 show the resulting profile and material removal 
respectively measured on commuter train X10 in Stockholm for a mileage of 15000 km. This 
mileage is close to the one simulated later for the vehicle in this study, A32. 
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Figure 1-1  Measured worn wheel profiles for four wheels of a commuter train in Stockholm (mm).  

The mileage is 15000 km [11].  
 

 
Figure 1-2  Measured wheel wear depth for four wheels of a commuter train in Stockholm.  

The mileage is 15000 km.[11] 

 

Usually a distinction is made between uniform and non-uniform wear. The term of uniform 
wear denotes deterioration mechanisms leading to a profile change, being constant along the 
rail or around the wheel. Those mechanisms are basically material loss through adhesive or 
abrasive wear and material relocation by plastic deformation. Other phenomena, like 
irregularities in material properties, mechanical resonance, and local overloads may lead to 
non-uniform profiles giving out-of-round wheels or rail corrugation. The wear produced by 
these phenomena is more difficult to determine and is not considered in this study.  

Example of worn wheel profiles, 15000 km  

Initial Wheel 
Measured 5L 
Measured 5R 
Measured 8L 

Measured 8R 
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Example of wheel wear, 15000 km  
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Once the wear mechanisms are understood it is possible to carry out actions to reduce wear as 
much as possible. Some ways could be: choosing proper initial wheel and rail profiles 
according to the system, using track-friendly bogies (e.g. radial steering), vehicle-friendly 
tracks (e.g. avoiding tight curves), smooth traction and braking and proper lubrication (but 
leaving enough adhesion). 

Traditionally, corrective actions in order to reduce wear have been based on experience and 
measurements on in-service vehicles and track, occasionally supported by laboratory testing. 
Theoretical and predictive methods are rarely developed to the level required for engineering 
application, in particular suitable for application in early design phases. 

During the nineties, however, the simulation methods have been evolving [12], seeking to 
merge methodologies from the two disciplines of vehicle dynamics and tribology. The 
development of computer performance has significantly increased the possibilities for more 
sophisticated simulations of complete vehicles under realistic operating conditions. For wear 
modelling, two principal lines prevail: 

One-parameter models assuming the material loss to be proportional to dissipated energy in 
the contact. Different wear coefficients may be used for different wear regimes. The transition 
between regimes is determined by the rate of dissipated energy.  

Multi-parameter models according to Archard’s theory [2], where the material loss is taken 
proportional to the normal force times the sliding distance divided by the material hardness 
(See Section 8). The wear coefficient is dependent on the wear regime expressed in terms of 
contact pressure and sliding velocity. Different levels of lubrication may be taken into 
consideration as well. 

The relationship between contact parameters and wear coefficients are typically characterised 
by sudden transitions or steps due to instant changes of wear mechanisms. 

Different approaches for the quantification of wheel and rail wear, with different degrees of 
sophistication, may be proposed. It is mostly dependent on the complexity of the vehicle 
multi-body models. These models can be from a single wheelset to a complete three-
dimensional vehicle. The simulation time and the computational power are the main aspects 
that can be decisive for using a more simplified method against a very complicated one. A 
wide theoretical approach and modelling techniques are explained in Sections 7 and 8. 

 

Previous work at KTH and Bombardier 

During the last decade, a novel methodology for wheel wear simulation has been developed in 
Sweden. The practical objective of this simulation procedure is to provide an integrated 
engineering tool to support vehicle design with respect to wheel wear performance and 
detailed understanding of wheel-rail interaction. The method for this tool was firstly 
introduced by Jendel [22]. Many studies of robustness for this tool have then been done by 
Enblom [11] and others; see the review in Section 5.1. 

The method rests on the four cornerstones: (i) selection of vehicle operations to be simulated 
represented by a relevant set of parameter combinations, (ii) track-vehicle interaction 
response analysis using a three-dimensional multibody model of the vehicle, (iii) wear depth 
calculation and profile updating applying Archard’s wear model locally to a discrete model of 
the contact patch, and (iv) validation through comparison with in-service measurements. 

The tool was firstly developed in the Swedish multi-body software GENSYS [15] for the 
simulations, and MATLAB [31] for the discretization of the track. Recently, this tool is 
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starting to be used at Bombardier thanks to the work of Enblom. This tool is now run in the 
SIMPACK [20] vehicle dynamics simulation environment and the track discretization is 
executed directly in SIMPACK by means of a script developed for this purpose. 

 

1.2 Scope of this work 

The method commented above is being validated against measurements by selected pilot 
applications. To strengthen the confidence in simulation results the scope of application 
should be as wide as possible in terms of vehicle classes. The purpose of this thesis work is to 
extend the scope of validation of this method into the light rail area, simulating the so-called 
Flexity Swift vehicle operating in Stockholm commuter service on the line Tvärbanan. For 
this purpose a multibody system (MBS) model in SIMPACK of the lightweight Rail Vehicle 
(LRV) Flexity Swift (the Stockholm designation being A32) already available at Bombardier 
has been used. Detailed information on the vehicle is presented in Section 2.1. Moreover, the 
original model and the necessary changes and additions carried out for this purpose are 
presented in Section 2.2. 

Starting from that model, the scope of this work consists of two parts. Firstly, the model is 
revalidated by means of typical dynamic simulations. Then the second and main part is to 
include in this model the necessary elements to predict the wear by using the tool mentioned. 
Many parameters are involved in these wear calculations. They must be selected with care and 
evaluated in successive simulations to find the best performance for the system. An 
exhaustive study of the route, track design geometry, rail profiles, track irregularities, 
coefficient of friction etc. is carried out in the process of design (see Section 6). 

It is also a goal to verify the predicted wear results compared to wheel profile measurements. 
These measurements were made in October 2003, after three years running. 

The vehicle A32 has been running since 2000 on the light rail line Tvärbanan, in the suburbs 
of Stockholm. The line has 17 stops and is 11.5 km long. The maximum operating speed of 
the A32 at the time of the measurements was 50 km/h. For further information about the line, 
see Section 6.1. 

Thesis contents 

Chapter 1 has given a brief introduction on wear prediction and on the scope of this thesis. 
Chapter 2 presents the main characteristics of the light rail vehicle A32, the original model of 
the vehicle in SIMPACK and the additional elements introduced in order to implement the 
wear prediction tool in the model. Chapter 3 includes all the simulations carried out with the 
aim of validating the vehicle model. Then Chapter 4 presents wide information on wheel and 
rail wear and the main factors affecting it. Chapter 5 contains a brief study on previous work 
on wear prediction and describes how the wear prediction tool in this study works. In Chapter 
6 the network of study is presented and the reference simulation set is defined from the track 
data; that is to say the type track curves that the simulation will include, track irregularities, 
rail profiles, etc. Once the simulation set is defined, the contact modelling is presented in 
Chapter 7, explaining how SIMPACK calculates the contact forces later used to predict the 
wear. The wear modelling and the factors affecting the wear calculation are explained in 
Chapter 8. Then Chapter 9  gives an explanation on how the wheel profile is updated after the 
simulations according to the results of wear. The main parametric studies and wear 
simulations carried out in this study are then presented in Chapter 10 and the obtained results 
are summarized in Chapter 11. Finally, Chapter 12 presents the conclusions of the study and 
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proposes further work. Apart from all this, Appendix A gives references and Appendix B 
gives a brief introduction to rail vehicles which is necessary to understand this work. 
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2 The A32 Light Rail Vehicl e 

 

In the following chapter the actual vehicle is presented as well as the SIMPACK model. In 
order to better understand the vehicle characteristics, general knowledge on the main 
characteristics of a railway vehicle is necessary. For that reason, a brief introduction to the 
main parts of rail vehicles is included in Appendix B. Very detailed information on rail 
vehicle dynamics can be found in [1]. 

2.1 Vehicle characteristics 

The vehicle studied is the light rail vehicle Bombardier Flexity Swift, the Stockholm 
designation being A32.  

Since 1997 the Stockholm transport authority (Stockholm Lokaltrafik AB, SL) has ordered 
from Bombardier a total of 31 A32 vehicles for the light rail line Tvärbanan (see Section 6.1 
for details about the line). The vehicles have been in service in the southern outskirts of 
Stockholm since 1999 [5]. The vehicles are based on the successful concept of the Cologne 
LRV's. 

This vehicle was built in cooperation between formerly Adtranz Sweden (today part of 
Bombardier) and Bombardier in Austria. Figure 2-1 shows a photo of the vehicle. 

The vehicle has an environmentally friendly design. For instance, it is designed as light as 
possible to reduce energy consumption, it has regenerative braking system and it is made with 
a high level of recyclable materials [5]. Moreover, thanks to the 70% low floor it is very 
accessible to wheelchairs and strollers without requiring the construction of high platforms. It 
is also designed for high comfort. The number of passengers fitting in one vehicle is estimated 
to be 106 standing, for an average of 4 passengers per square metre, and 78 seated. It has 
resilient wheels (see below) in order to achieve lower noise levels and reduce the wear. 
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Figure 2-1 A32 on the Stockholm line Tvärbanan [5] 

 

Figure 2-2 and Table 2-1 give more details about the vehicle dimensions, etc. 

 

 

 
Figure 2-2 Dimensions of the A32 vehicle [5] 
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Table 2-1 General data of the vehicle A32 [5] 
 

Dimensions and Weight 
Length of vehicle 29.7 m 
Height 3.60 m 
Width 2.65 m 
Floor height above top of rail 

• Low-floor entrance 
• Low-floor area 
• Area above motorized bogies 

 
350 mm 
400 mm 
580 mm 

Percentage of low-floor area 72% 
Doors 6 (3 per side) 
Wheel diameter (new/worn)(1) 630/550 mm 
Gauge 1435 mm 
Car weight (empty) 38.3 t 
Car weight (loaded, 5 standing persons/m2) 55.2 t 
Technical Characteristics 
Nominal voltage supply 750 V DC 
Motors (number/type) 4/3-phase asynchronous 
Motor power 4x120 kW 
Performance and Capacity 
Maximum speed 80 km/h(2) 

Maximum acceleration (2/3 load) 1.2 m/s2 
Deceleration 

• Maximum deceleration (service brake, 2/3 load) 
• Emergency braking rate 

 
1.2 m/s2 

2.7 m/s2 
Maximum gradient 70º/oo 
Minimum horizontal curve radius 25 m 
Minimum vertical curve radius, crest 300 m 
Minimum vertical curve radius, sag 300 m 

 
(1) The diameter for the worn case indicates the limit under which the wheel must be changed. For values in 
between it can be reprofiled instead. 
(2) The maximum speed from the design is 80 km/h. However, by the time when the wear measurements were 
made, the ATP system (Automatic Train Protection) was not yet operating, so the maximum speed was limited 
to 50 km/h. With this limitation the average speed was around 35 km/h, all stops included. 
 

The A32 is thus an articulated vehicle made up of three carbodies. The end bodies are     
14.15 m long whereas the middle body is only 1.4 m long. The vehicle is symmetric, with 
cabs at both ends and doors at both sides. Consequently it is bi-directional. It is equipped with 
two different bogies: two motor bogies under the end carbodies and one trailer bogie under 
the intermediate body. The main characteristics of these bogies are presented below. 

Motor bogie 

The motor bogies, shown in Figure 2-3, have two conventional wheelsets with resilient 
wheels. The wheels are located outside the bogie frame so that they can be replaced without 
having to dismantle the bogie. 



 

10 
 

 
1. Motor 10. Mud guard 

2. Gear box 11. Life guard 

3. Resilient axle coupling (prim.sus.) 12. Track cleaner 

4. Bolster beam 13. Secondary suspension 

5. Wheel 14. Traction rod 

6. Mud guard 15. Centre friction plate 

7. Two-step hydraulic operation unit 16. Lateral friction plate 

8. Spring brake 17. Return current 

9. Brake disc  

 
Figure 2-3 Motor bogie model BM2000 used in the A32 vehicle (Courtesy of Bombardier Transportation) 

 

Regarding the primary suspension (between wheels and bogie frame), it consists of rubber 
springs providing good ride properties.  

The secondary suspension, located between the bogie frame and the bolster, consists of: 

• Two coil springs per side with rubber cushion on supports. 

• One vertical and one lateral progressive bumpstop per side. 

• One vertical hydraulic shock absorber per side. 

 

The propulsion system consists of two AC motors per bogie, one per wheelset, which are air 
cooled and self ventilated. The motor is connected to the gearbox and builds a compact drive 
unit.  
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For each bogie (both motor and trailer bogie) the braking system consists of two mechanical 
brake discs and two magnetic track brakes (see Appendix B) suspended to the axle-boxes. 

The coupling system to the carbody is as follows: the bogie has a bolster which is mounted on 
the secondary suspension and connected to the carbody by a pivot pin. The bolster supports 
the carbody using centre friction plates. Additional load is taken by two friction plates. The 
longitudinal forces are taken by two longitudinal rods which connect the bolster to the bogie 
frame.  

As auxiliary equipment it has: one load sensor per bogie, one mud guard per wheel, one track 
cleaner in front of every wheel, one life guard per bogie, one return current per axle (per 
motor), one transponder (transmitter/responder) per bogie and sanders (sand distributors) at 
every wheel. All these devices are shown in  

Figure 2-3. 

 

Trailer bogie 

The trailer bogie under the middle body is a bogie frame with four independent wheels of 
resilient type (same as the ones of the motor bogie). See Figure 2-4. 

The primary suspension has the following characteristics:  

• The axle box is connected to the bogie frame by means of a resilient articulation. 

• A linkage between the two axle boxes maintains the parallelism between the two 
wheels. 

The secondary suspension is achieved by the following components between the bogie frame 
and the carbody: 

• Two coil springs per side with rubber cushion on supports. 

• One vertical and one lateral progressive bumpstops per side. 

• One vertical hydraulic shock absorber per side. 

 

In this bogie the braking and auxiliary equipment is coupled to the wheels in a unit called 
WBU (wheel brake unit). This WBU consists of: the resilient wheel, the stub axle (mounted 
on the axle with two conical roller bearings), a brake disc bolted on the stub axle (mechanical 
brake), a return current, a speed sensor and a mud guard. These units are interchangeable 
between each other and easy to assemble and disassemble. There are also two magnetic track 
brakes suspended to the bogie frame. 
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1. Bogie frame 6. Mud guard 

2. Primary suspension 7. Lateral bumpstop 

3. Secondary suspension 8. Spring brake 

4. Liftstop 9. Brake disc 

5. Linkage for track rod 10. Magnetic track brake 

 

Figure 2-4 Trailer bogie model  BR4x0 used in the A32 vehicle (Courtesy of Bombardier Transportation) 

Wheels 

The A32 vehicle uses the SAB V60 resilient wheels, manufactured by GHH-RADSATZ [16]. 
This kind of wheels is commonly used for low-floor light rail vehicles with limited 
installation space, small wheel diameters and relatively high wheel loads. These wheels 
consist of three steel parts: a wheel ring, a wheel body (hub) and a wedge ring. In between it 
has a pre-stressed rubber element that gives them the resilient behaviour, see Figure 2-5. They 
have medium radial and high axial stiffness. 

The advantages of using these wheels are: 

• Reduced maintenance time since they can be changed without disassembling the 
wheelset or bogie. 

• Light weight and unsuspended mass reduction, thus dynamic wheel-rail contact forces 
are reduced (see [1], chap. 5) 

• Reduction of vibration and noise, leading to a better comfort.   
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Figure 2-5 Resilient wheel SAB V60 [16] 

The wheel profile dimensions are shown in Figure 2-6. 

 

 
Figure 2-6 Wheel dimensions (mm) [38] 
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The nominal wheel diameter is, according to the vehicle data above, 630 mm. Due to the wear 
the wheel must be reprofiled to recover the original profile dimensions, designed for the best 
performance. After the reprofilings the wheel becomes smaller and thus the diameter is 
reduced. The minimum permitted diameter for the wheel is 550 mm, meaning that before 
reaching such a value it must be replaced. 

Data about wheel reprofiling on several vehicles is available. These data include diameter 
values after reprofiling. 

2.2 Multibody system model of the vehicle 

As part of a Bombardier development project a multibody system (MBS) model of the A32 
vehicle has been created. The purpose of this model is, apart from testing the new wear 
prediction tool, to facilitate future in-house vehicle dynamics investigations of this kind of 
vehicles.  

The model is implemented in SIMPACK, the multibody simulation software developed by 
INTEC, a spin-off of the DLR (German Aerospace Centre) [20]. 

Original model 

This original model in SIMPACK has thus been developed as accurate as possible in order to 
be used not only for wear calculations but also for other future dynamic simulations. 
Therefore the model includes all the necessary elements to emulate the real vehicle. In the 
model, the bodies are modelled as rigid bodies describing the mass and other inertia 
properties. The bodies are connected to each other by means of massless coupling force 
elements, like dampers and springs. The main elements are: carbodies, bogie frames, bolster 
beams, wheel axles, primary and secondary suspensions, resilient wheels, coupling systems, 
etc. Table 2-2 shows a summary of the number of elements defining the vehicle in the model. 
Figure 2-7 shows the graphical appearance of the vehicle model. 

 

Elements Number of elements 

Bodies 91 

Joints 101 

Constraints 20 

Force elements 156 

Degrees of freedom 161 

Table 2-2 Number of elements defining the A32 vehicle model 
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Figure 2-7 SIMPACK model of the A32 light rail vehicle 

 

The way of modelling the coupling elements for each bogie is presented below. 

Motor bogie 

The main components of the motor bogie have been introduced above. Now the way they 
have been modelled in SIMPACK is presented. Figure 2-8 shows the appearance of the motor 
bogie model and remarks some force elements which are not common in typical models. 

The centre friction plate connecting the end carbodies to the bolster beam is modelled by a 
non-linear friction element as shown in Figure 2-8. The resilient wheel model is presented 
below. 

In the primary suspension, the rubber components between axle box and bogie frame are 
modelled with spring-damper in parallel.  

Regarding the secondary suspension, the coil springs on both sides are modelled by linear 
springs in the three directions. The progressive lateral bumpstops are modelled with spring-
damper serial elements in lateral direction. The vertical dampers at each side of the bogie are 
also modelled with such damping elements in vertical direction. The traction rods link the 
bogie frame and the bolster beam and are modelled with angular damping elements. 
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Figure 2-8 Motor bogie model with some elements. 

Trailer bogie 

The primary suspension connecting the axle box to the bogie frame consists of a rubber block 
and a spherical bearing. The rubber blocks are modelled by a spring-damper parallel elements 
both with stiffness and damping in longitudinal direction whereas the spherical bearings are 
bushing elements with stiffness and damping for the six degrees of freedom (see Figure 2-9 
for details). 

The carbody and the trailer bogie are interconnected directly by the secondary suspension 
without bolster beam. The two coil springs on each side of the bogie are modelled, as in the 
case of the motor bogie, by linear spring elements in lateral, longitudinal and vertical 
direction. Moreover, the lateral and vertical bumpstops and the longitudinal traction rods are 
modelled with spring-damper parallel elements. 

Regarding the coupling elements, there is a beam connecting the axle boxes to maintain the 
parallelism. That joint is modelled with a bushing element with stiffness and damping in 
longitudinal, lateral and vertical directions. The carbodies are connected to each other on the 
trailer bogie by articulated joints with friction plates. Those joints are modelled with viscous 
friction elements for the rotation around the Y-axis (see Figure 2-9, bogie/carbody coupling) 
permitting the pitch motion in vertical curves. 
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Figure 2-9 Trailer bogie model with some elements. 

 

In addition, in order to provide the vehicle with more lateral and pitch stability, there is a 
longitudinal linkage on the vehicle roof coupling the three carbodies to each other. It is 
modelled with a small beam connected to the carbodies by a linear spring element, defined by 
its stiffness (see Figure 2-10). 
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Figure 2-10 Coupling system on vehicle roof. 

Resilient wheel model 

The elastic behaviour of the wheels is implemented by means of a force element between hub 
and tyre. A bushing element is used, which permits to apply both forces and torques between 
two markers (reference points at each body) in multiple axis directions. The markers, 
belonging respectively to the hub and to the tyre are defined in the wheel centre and rotate in 
the opposite direction to the wheel rotation. That makes the markers stay in the same position 
with respect to the wheel turning. Although the force laws can be defined as nonlinear, they 
are approximated by constant stiffnesses and damping values.  

Changes and additions to the original model 

In order to use the model for wear simulations it has been necessary to add some elements 
which permit to make the simulations more similar to the actual running conditions of the 
vehicle. Some changes have also been necessary of the existing elements to get more realistic 
results. For instance the values for the stiffnesses of the resilient wheels have been updated 
according to recent measurements given by GHH [16]. According to them, the standard 
material used for the elastic rubber rings in the wheels has approximately the following 
stiffnesses [38]: 

Radial (at a radial force of 50 kN):    From 118 kN/mm to 128 kN/mm  

Axial (at an axial force of 50 kN):  From   94 kN/mm to 106 kN/mm 

Pitch (at a torsional moment of 5 kNm):  From     7 kNm/rad to about 9 kNm/rad 

Average values are used in the model. A more accurate model should take the nonlinear 
dependence of the load into account, but a constant value is used instead. 

Regarding the additional elements included specially for wear calculations, it is important to 
emphasise that the simplest model was tried at the beginning. Starting from that model, 
simple simulations were carried out. After some attempts it was noticed that other aspects had 
to be considered to obtain more realistic results.  

In contrast to previous wear studies using the same wear calculation method, the urban 
lightweight line of this study has narrower curves and more stops than usual (17 stops per 
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direction in 12 km). This fact must have, in a first assumption, high influence on wear due to 
frequent braking and acceleration. For that reason, braking and traction systems are added to 
the model.  

Furthermore, the average speed of 35 km/h was quite low when the measurements were 
performed. Consequently, too narrow curves provoked the vehicle to get stopped in the 
simulations after short time due to high contact forces and such a low initial speed. That is 
because in the original model the speed can only be set as initial speed for each wheelset. 
Hence it has been necessary to include some elements to keep a constant speed during 
simulations, except during traction and braking. These elements, added to the model to solve 
these issues, are presented below. 

For more changes in the model related to the type of wheel-rail contact used, see Chapter 7. 

Traction and braking systems 

By definition only the motor bogies of the vehicle have traction motors, one per wheelset. 
Thus the driving torque is applied on the wheelsets of the motor bogies. The force element in 
SIMPACK is defined between two markers at the wheelset, from one that is fixed to axle and 
does not turn to another that turns with the axle. 

When the vehicle is accelerating a constant traction torque is applied. The value for the total 
torque is given by the following formula as an approximation. Equivalent mass, running 
resistance and track gradient is neglected: 

ytot TramT ⋅=⋅⋅= 4  2.1 

Being for the vehicle: 

m = 45 t Mass of the vehicle  

a = 0.8 m/s2 Vehicle acceleration 

r = 0.63/2 m Wheel radius  

Then the torque applied on each wheelset, yT , is one fourth of the total torque. As can be seen 

this value depends on the desirable acceleration. The value for the acceleration has been 
chosen as typical average value from the network data. Consequently, the value for the torque 
is Ty=2835 Nm, which is lower than the maximum torque according to the vehicle data  given 
for maximum power (see Table 2-1). 

For the braking torque, the same reasoning is used to choose the applied torque. In this case 
braking torque is applied on six wheelsets. For that reason the formula used is as follows: 

braketotbrake TramT ⋅=⋅⋅= 6_  2.2 

In this case m and r have the same values as above. As it is braking, the acceleration is 
negative. The average retardation rate has been chosen to -0.8 m/s2, typical for this vehicle. 
Then the braking torque applied on each wheelset results Tbrake=-1890 Nm.  

Figure 2-11 shows the speed profile resulting from a simulation of this vehicle on a straight 
track. When the speed is constant the vehicle is thus neither accelerating nor retarding. That is 
achieved thanks to the speed control system, which is explained below. The consequences of 
that are:  

• The speed control system must be disconnected while the vehicle is accelerating or 
retarding. Equation 2-5, which is explained below, takes that into account.  
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• The speed set as reference for the speed control must change after the vehicle 
accelerates and after the vehicle retards. For the simulations, as the acceleration and 
retarding have been set with equal rate and during the same time, the speed has been 
set the same for the vehicle both before accelerating and after retarding. In order to 
solve the problem of the speed change two different variables are defined, the initial 
speed, Sto_FS3_v0, and the reference speed, v_ref. Another variable called reference 
applied speed, v_ref_app, takes either one of those values. 

The interval of time when the vehicle accelerates and retards is defined by means of the 
following variables: 

t_tract1 Acceleration starting time 

t_tract2 Acceleration ending time 

t_brake1 Retardation starting time 

t_brake2 Retardation ending time 

Thus the reference applied speed changes with time taking these variables as reference. 
Equation 2-4 below shows the expression used in SIMPACK for that.  

The statement “if” in SIMPACK works like this: if (x: out1, out2, out3),  

x<0 then the output 1 occurs. 

x=0 output 2 occurs. 

x>0 output 3 occurs [20]. 

Figure 2-12 shows the driving torque in solid line and the braking torque in dashed line for the 
test simulation. There is a remarkable zone in the plot, at 30 seconds when the vehicle has not 
reached the reference speed after retardation (after t_brake2 = 30 sec.) and the control system 
is activated to make the vehicle run at the correct speed (see below for explanation of the 
speed control system implemented in the simulation). 
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Figure 2-11 Speed profile for traction and braking test 

 

 
(*)Torque is negative at driving according to the direction of y-axis in SIMPACK. 

Figure 2-12 Driving and braking torque for traction and braking test 

Speed control system 

In a first attempt to keep the speed constant, a rheonomic joint was tried to be used in the 
wheelsets. A rheonomic joint permits to define the movement of the system along the track by 



 

22 
 

means of a constant speed introduced as parameter. The problem of such joint was the change 
in the number of degrees of freedom of the system. In a simpler system that problem could be 
solved easily by doing a simple inspection and changing some degree of freedom, but in such 
a difficult model with so many degrees of freedom, it becomes very difficult. For that reason 
it was decided not to use that kind of joint but applying a torque.  

SIMPACK has a type of force element which permits to define a torque by means of an 
arithmetic expression setting when it must be applied, similar to a control loop. What is more, 
this way of defining the speed is more similar to the way the traction motors work in reality.  

The expression for the torque to be applied depends on the deviation of the speed from the 
reference value. Two different cases are presented below: 

• If the actual speed is inside the permitted range of variation, then the torque applied 
on the wheelset is variable depending on the difference between the reference speed 
and the actual speed. The permitted range of variation is defined with a variable called 
v_tolerance, which is 0.01 m/s for the simulations. This method makes the speed not 
to vary too suddenly but more smoothly. 

• If the actual speed is outside the permitted range of variation, then the applied torque 
is constant. The constant value is Ty=2835 Nm. This value is the same used when the 
vehicle accelerates. 

The expression for defining the torque in SIMPACK format are presented in Equation 2.3 to 
2.7: 

 
$X_WS1_Speed_dev =  '$X_Speed_WS1-$X_v_ref_app 

 
2.3 

$X_v_ref_app = $_v_ref*(if(TIME-$_t_tract1:0,0,1)*if(TIME-
$_t_brake2:1,1,0))+$_Sto_FS3_v0*(if(TIME-$_t_tract1:1,1,0)+if(TIME-

$_t_brake2:0,0,1) 
 

2.4 

$X_Ty_Drive_app_WS1  =  'if($X_WS1_Speed_dev-
$_V_tolerance:if($X_WS1_Speed_dev+$_V_tolerance:-1,-

1,($X_WS1_Speed_dev/$_V_tolerance)^3),1,1)*$_Ty_Drive*((if(TIME-
$_t_brake1:1,1,0)+if(TIME-$_t_brake2:0,0,1))*(if(TIME-
$_t_tract1:1,1,0)+if(TIME-$_t_tract2:0,0,1)))+(if(TIME-
$_t_tract1:0,0,1)*if(TIME-$_t_tract2:1,1,0))*$_Ty_tract 

 

2.5 

$X_Ty_brake_app   =  if(TIME-$_t_brake1:0,0,1)*if(TIME-
$_t_brake2:1,1,0)*$_Ty_brake 

 

2.6 

$X_Ty_brake_app_indepwheels  =  if(TIME-$_t_brake1:0,0,1)*if(TIME-
$_t_brake2:1,1,0)*$_Ty_brake_indepwheels 

 

2.7 

Figure 2-13 shows how the speed drops down along the curve when only the initial speed, 
2.78 m/s, is set. The solid line corresponds to the same simulation when the speed control 
system is included. Figure 2-14 shows the speed profile in detail. It is interesting to see how 
the speed does not exceed the tolerance range 2.78±0.01 m/s. Figure 2-15 presents the time 
variation of the applied torque to keep the speed constant.  
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Figure 2-13 Curve radius 25 m. With and without speed control system. 

 

Vehicle Speed, curve radius 25 m 
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Figure 2-14 Detail of the speed profile with control system 
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Driving torque, curve radius 25 m
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Figure 2-15 Driving torque applied in a curve of 25 m radius for constant speed. 
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3 Vehicl e mod el revalid ation 

 

Before starting to include the necessary elements for wear calculations in the model, some 
initial tests have been carried out to validate the model. 

The tests made for the model are: 

• Nominal forces 

• Eigenmodes 

• Linear stability. Critical speed  

• Quasi-static curving analysis 

It is important to underline that the model used for these tests is the model with two thirds of 
the maximum load. This is so because in reality the suspension parameters depend on the load. 
For simplicity, the suspension in this case is modelled as linear, so three separate models with 
different load were created.  

3.1 Nominal forces 

Before any calculation, the model has to be in a state of equilibrium. In order to find the 
equilibrium the common way to do it for a railway vehicle is by means of a nominal force 
calculation. The force element parameters such as pre-loads or natural spring lengths must be 
calculated carefully to bring the model into equilibrium position. Moreover, the equilibrium 
position is required by the program for the calculations of linearized system matrices and for 
eigenvalue calculation.  

In SIMPACK, two different methods are available to calculate the nominal forces. The first 
method is the linear system method, which assumes that the force pre-loads are only linear in 
the equations of motion. The second method is the time integration method, which is 
preferred for railway models. This method permits to include translational and rotational 
damping for the force elements and run the simulation a certain period of time, defined in the 
setting. 

A first attempt to calculate the equilibrium position by these methods was tried for the actual 
model. It did not succeed, neither for the linear method nor the time integration method. Too 
high remaining acceleration was obtained for elements belonging to the primary suspension of 
the independent wheels (middle car). After many tests a better solution was found. A single 
simulation on rigid straight track without irregularities was performed. The main forces for 
the force elements were represented from the output results. Some of them showed a strange 
behaviour at the beginning, meaning that the nominal values for the forces were not correct. 
The average final value from the simulation was taken and set as initial force. After that, the 
model was assembled and a static equilibrium calculation was performed. The obtained 
remaining acceleration was lower than 0.1 m/s2; consequently the model achieved a correct 
equilibrium state. 

Table 3-1 shows the inputs for the simulation. 
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Parameter Input and output data 
Track geometry Straight track 
Wheel and rail contact geometry One point rigid contact  
Track elasticity Rigid track 
Speed v = 1 m/s 
Vehicle load 2/3 Maximum load  
Vehicle configuration Original vehicle 
Output Force at the suspension force elements 

Table 3-1 Input and output data for nominal force calculation. 

 

Figure 3-1 presents two examples which show how the force has an initial variation indicating 
that the vehicle is not in equilibrium. After some time the force gets a value approximately 
constant, with some periodical variation. The final taken average value is indicated with a 
straight line. The figure on the left shows the longitudinal force at the secondary suspension 
(spring-damper element) of the leading motor bogie. The figure on the right shows the 
longitudinal and lateral forces of the bushing element modelling the resilient behaviour of the 
front left wheel of the leading bogie. 

 
Figure 3-1 Force variation at some suspension force elements 

 

3.2 Eigenmodes 

After guaranteeing equilibrium for the system, an eigenbehaviour analysis is carried out. 

Calculation of eigenvalues (eigenfrequencies and relative damping) and eigenmodes 
(eigenvectors) gives important information about the dynamic properties of a vehicle. It is 
important to know the eigenfrequencies of the vehicle to avoid resonance to occur. For 
example, it would be dangerous if the frequency of the hunting motion (see Section 3.3) 
coincided with the yaw eigenfrequency of the carbody [1]. 

Chosen value 
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The calculation can be done for any speed, but it is better to do it for low speed to avoid 
kinematic (speed dependent) oscillations. Therefore, the calculation has been carried out for 1 
m/s speed. 

A harmonic linearization of the non-linear contact geometry is chosen for this analysis 
according to the formulas below. As explained in Section 7, due to the wheel profile shape 
depending on the wheel lateral displacement on the rail (y), the contact between wheel and 
rail is described by four non-linear functions: r∆(y) (change in wheel rolling radius), δ∆(y) 
(change in the contact angle, with respect to the track frame), Φ(y) (wheelset roll angle 
constraint) and z(y) (vertical position constraint). In the case of symmetrical tread profile 
combination, only the three first non-linear functions have to be linearised. For a harmonic 
linearisation with input harmonic expression φsin⋅= Ay , A being the amplitude, the 
corresponding functions are as follows: 

• Roll angle parameter, σ:  

)(sin)sin(
1
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A

eA Γ=Φ= ∫−
π

π
φφφ

π
σ  (3-1) 

  
• Equivalent conicity, λ:  
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• Contact angle parameter, є: 
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To be comparable with earlier investigations, the values for σ, λ and ε for the calculation must 
be close to 0.0250, which seems low compared to typical values. SIMPACK does not allow 
using the same value for the three parameters, so close values are used instead. Table 3-2 
shows a summary of the parameters used for the calculation. 

In SIMPACK, the profile parameters σ, λ, ε can only be set if the wheel/rail profile geometry 
is not automatically quasi-linearized. It is achieved by choosing the linearization option ‘User 
Coefficients’. After freely setting the coefficients, the profile is linearized. 

 

Parameter Input and output data 
Track geometry Straight track 
Wheel and rail contact geometry Linearization with  

σ = 0.0249 , λ = 0.0250 , ε = 0.0251  
Track elasticity Rigid track 
Speed v = 1 m/s 
Vehicle load 2/3 Maximum load  
Vehicle configuration Original vehicle 
Output Eigenfrequencies and damping from 0.5 to 20 Hz 
Table 3-2 Input and output parameters for eigenmode calculation. 
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The equilibrium state has been saved as initial state and then as linearization state. The 
eigenvalues have thus been calculated by linearising around the linearization state. 

The results for the carbody motion frequency range are as follows: 

  

Current model Previous studies 

Description of eigenmode Frequency
[Hz] 

Damping 
[%] 

Frequency
[Hz] 

Damping
[%] 

0.74 6.59 0.71 7.1 Lower sway mode 
1.27 18.02 1.21 17.4 Car bodies yawing, in phase 

1.31 26.28 1.31 29.2 
Car bodies yawing, counter 

phase 
1.78 21.26 1.80 24.1 Upper sway mode 
1.80 12.44 1.76 11.6 Bouncing of car bodies, in phase 
1.84 11.89 1.75 11.6 Pitching of car bodies, in phase 
2.00 17.40 2.04 24.1 Bouncing of middle car 

 
Table 3-3 Eigenvalues and eigenmodes of the carbody motions. 

 

 

Table 3-3 also gives the results obtained for previous studies of this vehicle (courtesy of 
Bombardier). It can be concluded that the results are similar enough to validate the model 
against eigenbehaviour. 

Figure 3-2 and Figure 3-3 show simple diagrams to better understand each motion, since 
sometimes the nomenclature used can differ. 
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Figure 3-2 Basic carbody modes 
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Figure 3-3 Combined carbody modes [1] 

 

Figure 3-4a and Figure 3-4b show the difference between the upper sway and the lower sway 
modes corresponding to the actual vehicle. Upper sway mode has the centre of rotation above 
the carbody while lower sway mode has it below.  

 

 
  

Figure 3-4  a) (Left) Upper sway mode (Centre of rotation above the carbody) 
                      b) (Right) Lower sway mode (Centre of rotation below the carbody) 

 

From the results, considering typical recommendations for a railway vehicle [4], it is 
interesting to comment some aspects: 

All eigenvalues in the frequency range have sufficient damping, higher than 5%. The 
bouncing eigenfrequency of the car bodies is high since approximately 1 Hz is recommended. 
For lower sway mode, the frequency is higher than 0.5 Hz; otherwise there is a risk of motion 
sickness to appear [1]. The damping of car body yaw and upper sway are usually higher than 
30%, while in this case they are a little lower, however it is not critical from a running 
behaviour point of view. 

3.3 Linear stability and critical speed 

Wheelsets and bogies or even the carbody in motion can start self-excited periodic or quasi-
periodic oscillations. This phenomenon is called instability or hunting. Hunting of wheelsets 
depends on the equivalent conicity, λ, and the speed (for a wider explanation see [1], page 
8:28 to 8:39). As a safety criterion, bogie instability must be studied and avoided. The speed 
above which the bogie is running unstably is called the critical speed. The bogie stability 
increases with decreasing equivalent conicity.  

  



 

30 
 

On the other hand, at certain speed for which the bogie hunting frequency approaches the 
natural frequency of the vehicle carbody on the suspension, the possibility of considerable 
interaction may arise, leading to a limit cycle oscillation during which the amplitude of the 
carbody is large relative to that of the wheelsets. The kinetic energy is transferred from bogies 
to carbody so that the damping of the bogie eigenmode increases while the damping of 
carbody eigenmodes decreases. In that case carbody instability is produced. However that 
instability can be reduced by increasing the speed and it is not so important from the safety 
point of view but from the comfort. 

One way to study the running stability is by means of eigenvalue calculations for different 
speeds. A minimum damping is required to determine if the linearized system is unstable or 
stable. Oscillations with lower damping than the minimum are considered as unstable, and 
then the critical speed is reached.  

SIMPACK has a function which allows critical parameter analysis. One of the critical 
parameters which can be studied is the vehicle speed, but for the present model it cannot be 
used because the initial speed is set by two separated variables instead of by the vehicle global 
parameter. That is so because of the definition of the independent wheels. A parameter 
variation1 similar to the critical parameter calculation is used instead. In this parameter 
variation, the conicity parameters, λ, ε, σ, are varied from 0.025 to 0.35 distributed in 9 
variations in an outer loop. In the inner loop the vehicle speed is varied in the range of the 
expected critical speed, from 10 m/s to 100 m/s in 20 variations, to obtain a smooth enough 
plot. Then a calculation of eigenfrequencies and damping is performed with the parameter 
variation above in  

Table 3-4. 

 

Parameter Input and output data (for each variation) 
 Var.1 Var.2 Var.3 Var.4 Var.5 Var.6 Var.7 Var.8 Var.9 

Track 
geometry 

Straight track 

Wheel and 
rail contact 
geometry: 

λ 0.0248 0.0495 0.0743 0.099 0.1485 0.198 0.2475 0.297 0.3465 
ε 0.0253 0.0505 0.0758 0.101 0.1515 0.202 0.2525 0.303 0.3535 
σ 0.025 0.05 0.075 0.1 0.15 0.2 0.25 0.3 0.35 

Track 
elasticity 

Rigid track 

Speed v from 10 m/s to 100 m/s in 20 variations 
Vehicle load 2/3 Maximum load 

Vehicle 
configuration 

Original vehicle 

Output Minimum damping 
 

Table 3-4 Input and output parameters for linear stability test. 

 

Finally the minimum damping is plotted versus the speed. The plot obtained is shown in 
Figure 3-5.  

                                                 
1 A parameter variation consists of successive simulations in which a set of parameters can be varied from one 
step to another. Up to three loops merged into each other can be defined. 
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With the resulting plot, for a minimum natural damping, like 5%, the critical speed can be 
obtained for each conicity. A plot representing the critical speed versus the conicity is shown 
in Figure 3-6 for 5% minimum damping. According to the results, the critical speed is higher 
for lower conicities, but a strange behaviour is found for conicities above 0.2, since the 
critical speed increases again. That behaviour has not been explained yet, but may be caused 
by some unusual behaviour in the modelling of the resilient wheels or the independent wheels 
in the middle carbody. Figure 3-6 also compared the results to those obtained from previous 
work on this vehicle showing very similar behaviour for conicities under 0.2 and the unusual 
behaviour for higher conicities. 

 
Figure 3-5 Minimum natural damping versus vehicle speed for nine different equivalent conicities. 
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Figure 3-6 Critical speed versus equivalent conicity for 5% minimum damping 
 

3.4 Quasi-static curving analysis 

Quasi-static curving analysis is a common task in the design process of railway vehicles. The 
aim is to know how the vehicle behaves in curves to know the wheel-rail forces, which are 
necessary for the wheel wear calculations. In this study this is carried out to compare the 
results to previous results of this vehicle [4].  

The basic method to assess the curving behaviour is to find the vehicle equilibrium state in a 
curve. In order to find the equilibrium, the track must not have irregularities, and the curve 
radius and the cant must not change within the curve. Since the vehicle is not standing but 
travelling with constant speed, this is not a real equilibrium but a “moving equilibrium” where 
the speed is constant but not zero. That is why it is called quasi-static rather than static 
equilibrium. 

In SIMPACK this study is performed by means of time integration, letting the vehicle travel 
from a straight track into the curve. It is therefore close to the reality and ensures that the 
correct equilibrium state is found in the curve, even considering bumpstops and other strongly 
non-linear kinematics. This time integration is here performed three times by means of 
parameter variation of the radius. Then the lateral and the vertical forces are plotted and the 
final value, which corresponds to the value in steady-state, is taken. That final value is 
represented against the radius in Figure 3-7 and Figure 3-8. 

Parameter Input and output data 
 Var.1 Var.2 Var.3 

Track geometry 
Curve 25 m 

radius 
Curve 50 m 

radius 
Curve 150 m 

radius 
Wheel and rail contact geometry One point rigid contact / Two point contact s-variable 

Track elasticity Rigid track 
Speed v=10 km/h =2.78 m/s 

Vehicle load 2/3 Maximum load  
Vehicle configuration Original vehicle 

Output Vertical and lateral contact forces of the leading bogie 
 

Table 3-5 Input and output parameters for quasi-static curving test. 
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The curves are right-hand curves with no cant, as in the case of previous studies. 
 

  

  
Figure 3-7 Quasi-static lateral forces (N) for the  leading bogie vs three curve radii (m) (the different sign 

is due to coordinates system). 
 

  

  
Figure 3-8 Quasi-static vertical forces (N) for the leading bogie vs three curve radii (m). 
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As can be seen the results for the tests have some differences to the results from previous 
studies of the vehicle. In a first guess it was thought that the problem could be caused because 
the model could not keep a constant speed into the curve. After other tests the differences 
were almost the same. 

The differences may be explained for instance due to different load of the vehicle when the 
studies were made. Previous investigations were carried out for the vehicle empty instead of 
for two thirds of the maximum load. Another reason could be that in the previous studies two 
points of contact arise and the forces are shared between these points. In this case only one 
point contact is found. No more tests have been performed because that is not the purpose of 
this work. Anyway, the results have been considered good enough to validate the model.   

The problem of non-constant speed in the beginning of this study was because in the original 
model the speed was only set as initial speed. No torque was applied on the wheels and then 
the speed tended to slow down. The problem was tried to be solved by including the speed 
control system (Section 2.2). Figure 3-7 and Figure 3-8 show respectively in green and red the 
differences, but it can be concluded that that does not have big influence on the wear results. 
On the other hand, in the second attempt, with results in red, also the wheel-rail contact was 
changed to s-variable contact (see Section 7). Consequently the contact method is neither 
influencing the result very much. 
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4 Wheel-rail tribol ogy 

 

Some important aspects about the wheel-rail wear are presented, first from a tribological point 
of view and later from a macroscopic one. The importance of lubrication is presented as well. 

The wear on wheel and rail is due to the relative motion between them at the contact. The 
science studying the interacting surfaces in relative motion is tribology [28]. The word 
tribology comes from the Greek, “tribos”, meaning rubbing. Tribology has studied for many 
years the interactions of the interfacing material surfaces and the environment. This 
interaction may result in loss of material from the surfaces. The process of material loss is 
known as wear. 

Some tribological tests for wheel/rail applications are also presented below. 

4.1 Wheel-rail wear 

Wear testing  

Wear rates for different contact conditions and material need to be determined experimentally. 
Such experiment must be as simple as possible, but simulating the real conditions to which 
the material will be exposed.  Here two methods which permit to represent the sliding 
conditions for a wheel/rail application are presented: 

Twin-disc testing is suitable for simulation of rolling/sliding contacts. Two discs roll against 
each other obtaining a so called creepage similar to railway application. Lubricated conditions 
can easily be considered. In order to control the creep rates, appropriate diameter differences 
are used. See Figure 4-1. 

 

 
Figure 4-1 Twin-disc testing 

 

The concept of slip (or sliding) velocity is presented in Appendix B. In railway vehicles the 
velocity used as reference is normally the vehicle speed.  

Despite the lower reference and slip speed values in this setup, similar creep ratios are 
obtained with scaling down geometric properties. 
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where: 
υ  = Creep ratio. 

iR  =  Disc radii. 

iΩ  = Disc rotation speeds. 

slipv =  Relative sliding speed. 

refv  =  Reference peripheral speed. 

 

Pin-on-disc testing is suitable to obtain higher sliding speeds. The method consists of a pin 
rubbing against a rotating disc. It is a pure sliding contact. In this case it is also easy to 
simulate ambient conditions. 

 

 
Figure 4-2 Pin-on-disc testing 

 

The main advantage of these scaled-down laboratory methods is the controlled conditions and 
the possibility to carry out extensive test series. 

Besides these laboratory methods, field measurements are necessary to know the real 
operating conditions, since sometimes the scaling effects cannot be neglected. 

Wear mechanisms 

It is necessary to know the different wear mechanisms since they have large influence on the 
wear rate. The active wear mechanism depends much on the contact temperature. For the 
wheel turn this contact temperature depends on the contact pressure and the sliding velocity. 
Figure 4-3 shows a map with different wear mechanisms as function of normalised pressure 
and slip. For railway applications the typical region is indicated in the figure. 
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Figure 4-3 Wear mechanisms [29] 

 

The normalised parameters are, for instance, defined as: 
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where: 
F =  Normal load. 

nA = Nominal contact area. 

0H = Material hardness. 

slipv =  Relative sliding speed. 

0r = Nominal contact radius. 

a= Thermal diffusivity. 
 

There exist many different classifications for wear mechanisms, but the classification above is 
commonly used in railway applications: mild, severe and seizure (or catastrophic) wear. 

Mild and severe wear correspond normally to adhesive wear (formation of welded junctions 
between two sliding surfaces followed by shearing off these junctions) and sometimes some 
portion of abrasion (one surface cuts material away from the other one). On the surface the 
material is covered by an oxide layer produced by the contact with the air. The mild wear 
produces a smooth and shiny surface since it is not deep enough to penetrate the oxide layer. 
The transition to severe wear is produced when the oxide layer is broken through and metallic 
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contact is established. Therefore the oxidation rate is influencing the wear rate. Typically mild 
wear is found at tread contact and severe wear at flange contact (see Section 4.2).  

The damage is much higher for the case of seizure wear, also called catastrophic wear. This 
kind of wear occurs during relative motion under very high contact pressure being almost 
independent of the sliding speed. Lubrication to avoid the transition to seizure wear is 
decisive.  

Figure 4-4 shows the transition from one wear mechanism to another. 

 
Figure 4-4 Example of load dependence. Brass pin on hard disc [40] 

 

According to the figure the wear rate increases by two orders of magnitude for the transition 
from mild to catastrophic wear. Between mild and severe wear the step is typically one order 
of magnitude.  

Apart from these wear mechanisms, in the wheel/rail contact surface fatigue may arise due to 
periodical load in the contact. This variable load induces the formation of surface cracks. 
Cracks may also occur below the surface, depending on where the maximum stress is. It 
results in removal of material fragments. This kind of damage is not taken into account in this 
study. 

4.2 Wheel-rail profile change 

The profiles of wheels and rails change significantly over time due to wear. As explained in 
Chapter 1, this change affects directly the safety, dynamic behaviour and maintenance of the 
system. The main parameters used as reference to measure the wear on different parts of 
wheel and rail profiles are presented in this section. 

Wheel wear 

The main quantities used for measuring wheel wear are shown in Figure 4-5: flange thickness 
(tf), flange height (hf) and flange inclination (qR). Numerical values indicate the normalised 
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distance from where the measurements must be made. Limit values for these quantities 
determine when re-profiling is needed. 

 

 
Figure 4-5 Quantities for wheel wear: tf, qR, and hf. Measures in mm. [1] 

 

Wheel wear can then be divided as follows [1]: 

• Flange wear: reduced flange thickness tf, increased flange inclination (smaller qR). 

• Tread wear: increased flange height hf and increased flange thickness tf. 

• Out-of-round wheels: eccentricity, wheel flats, corrugation, etc. But it is not 
considered here. 

 

Wheel flange wear  

Flange wear is mostly measured and judged using the flange thickness tf  and qR for the flange 
inclination. Limits are defined for both measurements to preserve material strength (mainly 
flange thickness) and due to geometric constraints in turnouts (track switches). In case of too 
high flange angle and too much play between stock rail and switch blade there would be a risk 
of flange climbing on the switch blade. 

Main factors influencing flange wear are [1]: 

• Curve radius: The smaller the curve radius the larger the angle of attack between 
wheel and rail, the larger the creepages and creep forces. 

• Friction: the higher the friction coefficient, usually the larger the creep forces and then 
more wear. 

• Running gear: The horizontally stiffer the wheelset suspension and the longer the 
wheelset base, the larger the angle of attack between wheel and rail, the larger the 
creepages and creep forces, the more wear. 
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Wheel tread wear 

Wheel tread wear produces higher flange. If flange height becomes too large, it may cause 
problems in turnouts or crossings. However, wheel tread wear is normally less severe than 
flange wear. 

Main factors leading to tread wear are [1]: 

• Normal forces between wheel tread and rail top surface in combination with ordinary 
or large creepages and creep forces. Large creepages are produced during traction and 
braking. 

• Tread braking, i.e. with brake shoes pressed against the wheel tread. 

Rail wear 

Although only wheel wear is to be studied in the simulations here, it is important to analyse 
the shape of the rail due to wear since it takes place at the same time. The worn rails affect the 
latter wheel wear. In this study measured worn rail profiles are used in the simulations to 
emulate real conditions. 

Rail wear can be divided into gauge corner wear and top surface wear. Gauge corner wear 
often appears on the outer rail in curves while top surface wear often appears on the inner rail. 
Figure 4-6  shows the typical shape of outer (Figure 4-6 left) and inner (Figure 4-6 right) rail 
in a curve due to wear.  

 

 
Figure 4-6 Wheel-rail creep and normal forces and typical rail wear for a wheelset in a curve [1]. 

 

Figure 4-6 also shows typical force distribution between wheel and rail in a curve. These 
forces are the reason for such a wear distribution. See Appendix B for further information 
about curving and flange steering. 
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Gauge corner wear leads to increased track gauge. Maximum gauge wear is limited by the 
maximum permissible increase of gauge and the material strength of the rail head. That is 
why rails with higher tensile strength are sometimes used for outer rails in sharp curves. 
Another option is to use rail lubrication. In this study outer rail lubrication is included in the 
model (see Section 4.3). 

High vertical load at the inner rail may cause fatigue producing top rail shelling; i. e. pieces 
from the rail head may be lost. 

In Figure 4-6, an exaggerated peak of material appears added to the end of the profile. It 
shows the plastic behaviour of the rail, so in fact the change in rail profile is not only due to 
wear but also due to plasticity. This effect is much harder to simulate and is ignored for this 
study because it is not so significant. 

Wheel and rail profile measurements 

In the present study the measurements of the wheel and the rail profiles were done by 
Stockholm Local Transport by means of a tool called Miniprof (for details see [10]). Figure 
4-7 shows how the tool is mounted on the wheel and rail for measuring.  

According to the available data, the wheel profile measurements for the vehicle number 401 
(the one chosen to simulate) were performed in December 2003 while the measurements were 
performed in March 2002 for the rails used in the study. The difference in date is not so big 
since the wear of the rails over time is much slower than the wheel wear.  

  

 
Figure 4-7 Miniprof wheel measuring unit (left) and rail measuring tool (right) [10] 

 

4.3 Wheel-rail contact environment and lubrication 

The environment at the wheel-rail contact has a decisive effect on the wear of wheels and 
rails. This affects mainly two parameters: the coefficient of friction (µ) and the wear 
coefficient (k). These parameters and how they are related are presented in Section 6. 
Moreover, these coefficients depend for example on: material properties, contact pressure, 
sliding velocity, weather conditions and lubrication. 

Commonly the coefficient of friction is determined by the weather. This is higher during a 
sunny day than on a rainy day. That is a problem because it becomes difficult to determine a 
correct coefficient for simulations. Like the weather can vary over the day, so can the friction 
coefficient. Frost, air humidity, air temperature, sun or shade are also important factors [1]. 
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Contact friction can be lowered very much under certain conditions when steel particles, 
particles from the air, etc. are combined with air humidity and water.  All those elements, 
especially at autumn time when leaves are falling and are crushed by trains, develop a certain 
natural lubrication. At those conditions the coefficient of friction can be as low as from 0.05 
to 0.10. In order to avoid that, sometimes the vehicles have sand distributors which spread 
sand on the rails to improve the friction conditions when high traction or braking is needed. 

However, from a wear point of view the naturally occurring friction coefficients are often too 
high giving significant wear, in particular for sharp curves and on vehicles with stiff bogies. 
For that reason deliberate lubrication is often introduced both from trackside devices and from 
vehicle mounted devices. 

Figure 6-8 in Section 6.2 shows the lubrication device mounted on the outer rails of curve 
radius under 300 m on the network of study. The purpose of it is to reduce the friction and 
wear at the rail gauge face and wheel flange. It is complicated to determine exactly the 
relationship between friction and wear on railway applications. However, some conclusions 
from experience and laboratory studies are presented in Section 6 to explain how the 
coefficients are determined for the simulations. 
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5 Wheel wear prediction tool s 

 

Before presenting the present tool, a short review of previous work on wheel and rail wear 
prediction is presented. The profile change due to plastic deformation is neglected by all the 
authors. 

5.1 Previous work on wheel wear prediction 

Chudzikiewicz 

Chudzikiewicz has, together with Kalker, studied the evolution of the wheel profile due to 
wear for some years ([6] and [25]).  The studies were made with different wheel-rail contact 
and dynamic models.  

Firstly they implemented the complete Kalker’s theory combined with Hertz’s theory in a 
computer algorithm called CONTACT. Afterwards they implemented Kalker’s simplified 
theory of contact combined with Hertz’s theory with another algorithm called FASTSIM. 
They wanted to compare the results to determine if FASTSIM, that is a faster algorithm, was 
good enough for the purpose. The conclusion was that the results with FASTSIM were 
acceptable. 

The vehicle model consists of a single wheelset running on a 1500 m straight track with 
measured track irregularities. 

The wear model in his study considers that the mass removal per contact patch area is 
proportional to the frictional work in the wheel-rail contact. Equation 5-1 is used: 

rw WCm ⋅=  (5-1) 

where: 
mw  = Mass removal per contact patch area (µg/mm2), 
C  = Rate of wear (µg/N mm), 
Wr = Frictional work per contact patch area (N/mm). 

The factor C, is obtained from measurements. 

The frictional work as a function of the lateral coordinate y of the wheelset can be written as 

∫= dxyxyxv
v
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r ),(),(
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)( τ  (5-2) 

where: 
τ(x,y )  = Tangential traction (N/mm2), 
v(x,y)   = Slip velocity (m/s),  
x   = Distance traversed by the wheel over the rail, 
vvehicle   = Vehicle speed (m/s). 

 

Chudzikiewicz concluded from the results that track irregularities are necessary to obtain 
more realistic results and that the difference in predicted wheel profile wear between the 
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theories of Hertz/FASTSIM and CONTACT is about 10%. There were no comparisons made 
with measured wheel profiles. 

The author’s study [8] has the following conclusions: 

• The Archard’s assumption about proportionality between frictional work and the wear 
in abrasion wear type is appropriate. 

• How to choose the wear constant in the model is an important matter. 

• The coefficient of friction has a large impact on the magnitude of the creep and creep 
forces and consequently also on the wear. This coefficient is difficult to determine 
because it depends on uncertain aspects. 

• The effect of lubricants is important but difficult to predict. 

Fries and Davila 

Fries and Davila [14] compare the results for tread wear from four simulations by different 
wear models. The simulations consist of running a freight wagon on a straight track. The four 
wear models are variations of Archard’s and Suh’s and also models that relate wear directly to 
contact pressure and normal load. 

The conclusion is that all wear models used basically predict the same tread wear. However, 
the best choice is to relate wear proportionally to the normal load because it is simpler and the 
results for different payload give reasonable results. 

The study does not compare the results with any measurement. 

Kalker 

Kalker presents in [26] a method to calculate the wear of railway wheels. He simulate only the 
wheel tread wear of a metro in Amsterdam and compare the results with measurements. 

The wear of the rail is not considered in this study and only one rail profile is included in the 
simulations. 

The contact forces are calculated by means of the simplified theory of Kalker using the 
FASTSIM numerical algorithm (see Section 7). The contact area and normal pressure are 
calculated according to Hertz’s theory. 

The wear model in his study considers that the mass removal per contact patch area is 
proportional to the frictional work in the wheel-rail contact as in Equation 5-1. The constant C 
is calculated from laboratory measurements. In this case the frictional work is in the form of 
Equation 5-3, when particle T runs through the contact area over a small distance (small 
enough to consider that the contact area is kept constant). 

=∆ )(TW ∫ ⋅
B

A

vp ∫=
B

A

dt vp ⋅ Vdx/  (5-3) 

where:   
p  = Tangential traction, 
v  = Relative velocity between rail and wheel, 
x = Distance travelled by the wheel over the rail, 
∆W(T) = Frictional work per unit surface which in one wheel revolution is stored in particle 

in the form of wear. 
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V = Rolling velocity. 

Finally he expresses wheel-rail wear irrespective of its nature (abrasive, adhesive and fatigue 
wear) in the following way, Equation 5-4: 

Wk
H

Td
kV == 1

 
(5-4) 

where:   
V  = Volume of material worn off,  
k1  = Wear coefficient,  
d  = Sliding distance,  
T   = Frictional force,  
H   = Hardness of the material,  
k=k1/H = Wear coefficient and  
W = T⋅d = Frictional work. 

The value of the wear coefficient k depends on the materials of the wheel and rail, their 
hardness and relative hardness, lubrication and the properties of the lubricants, the pressure 
and the traction in the contact, and the magnitude of slip, etc. The values of k can be obtained 
by laboratory experiments or from data collected from field experiments. 

No comparisons with measured wheel profiles are presented in this study. 

The conclusions from his results compared to the measurements are: less flange wear is 
obtained since no curving is considered in the simulation; in addition, the tread wear is lower 
due to the absence of braking. 

According to Kalker [25], the Hertzian contact model is not adequate enough to predict severe 
wear. According to Jendel, Kalker does not give convincing comparisons to prove it [22]. 

Lindner and Brauchli 

Lindner and Brauchli study in [30] the possibility to use non-iterative and non-elliptic contact 
model for wheel wear prediction. 

The shape of the contact area is taken as the rigid body penetration area scaled down by a 
factor from 0.55 to 0.65. Then, the obtained contact patch is divided into strips in the rolling 
direction and the contact is calculated using Hertz’s theory for an equivalent ellipse adapted 
for each individual strip.  

The wear calculation uses the concept of wear step, simulating a certain distance with 
constant profiles (one wear step) and then it is updated for the following wear step. The wear 
rate is assumed to be proportional to the frictional power. The proportionality constants are 
the wear coefficients, taken from the literature and dependent on the wear mechanism, being 
either mild oxide wear or severe metallic wear.  

In order to test the method, a wheel wear calculation is carried out on a vehicle operating the 
Gotthard line. The vehicle is modelled in the Multi-Body System (MBS) code MEDYNA. 
Measured profiles after 6800 km running are compared to those calculated using both elliptic 
and non-elliptic contact models.  

The conclusions show better results for the non-elliptic (non-Hertzian) contact for the flange 
root area. The results are reasonable for the outer axles. 
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Ward, Lewis and Dwyer-Joyce 

Ward et al. have developed a model to predict the wear of railway wheels [41]. The model 
permits to test different suspension systems, wheel profiles and to evaluate new materials. It 
helps in designing wheels for minimum wear. 

The model is developed in ADAMS/Rail, an available software for multy-body dynamics 
simulations. The program, in similar way as SIMPACK, simulates the contact condition at the 
wheel-rail interface. 

The wear modelling is based on an energy approach according to: 

A

Tk
rateWear e υ

=)µg/m/mm( 2  (5-5) 

where: 

T  = Tractive force (N), 
υ = Slip at the wheel/rail interface (-), 
ke = Wear coefficient (µg/Nm), 
A  = Contact area (mm2). 

 

The wear coefficients have been determined by twin disc tests. Depending on the factor
A

Tυ
, 

three different wear coefficients ke are used according to the corresponding wear regime. 

The contact model is assumed to be approximately an ellipse. The ellipse is discretised into 
longitudinal strips corresponding to the wheel strips. Each strip is divided into equally sized 
cells. The profile wears uniformly around the wheel. 

The wear depth per cell is given by: 

ρ
υ tv
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A

T
WD vehicle

ecell

∆⋅
=  (5-6) 

where vehiclev  is the rolling velocity, ρ is the density of the wheel steel and ∆t is the duration of 

the contact. 

The model has been applied to a simulation of approximately 100 kilometres long. The track 
consists of one curve with large radius and transition curves before and after the circular part 
and also a straight track before and after the curve. Due to such a large radius, no flange 
contact occurred.  

Pearce and Sherratt 

Pearce and Sherratt predict in [36] wheel wear for a “non-linear bogie vehicle” travelling a 
fictitious track consisting of a straight track followed by a complete reverse curve. 

They use Hertzian contact mechanism for the wheel-rail contact calculation.  

The wear rate is assumed to be proportional to the dissipated energy in the contact zone, taken 
as a product of creep force and creep ratio. Two different wear regimes, mild or severe, are 
considered. 
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Simulated results have been compared to measurements in terms of development of conicity 
over running distance. The results are said to be very promising. 

Zobory 

Zobory gives a comprehensive description of a wear simulation approach covering the whole 
process from specification of operating conditions to material loss and profile updating in 
[42]. 

First lumped mass vehicle models, discrete track and profile descriptions, track irregularity 
spectral density functions, and creep force laws are discussed. Arbitrary networks and 
appropriate wear models are tested. 

The contact frequency is considered proportional to the number of wheel revolutions and may 
be seen as stochastic functions. 

The material loss is also treated stochastically as a debris mass flow process, considered as 
function of the energy dissipation in the contact proportionally to the normal pressure. The 
wear coefficient is determined empirically and differs from mild to severe wear.  

Jendel 

Jendel has developed a wheel profile wear prediction tool [22] which has been applied to a 
X10 vehicle operating the commuter rail network in Stockholm.  

The tool only considers the uniform wear, so, as for all the other authors, the effect of plastic 
deformation on the shape of the wheel profile has been neglected. 

The vehicle model is built in the GENSYS MBS software. 

The methodology is based on a load collective concept, which determines a set of dynamic 
time-domain simulations. These simulations must be as close as possible to the actual 
conditions of the rail network.  

The load collective design is based on parametric studies, which are performed by varying the 
input load collective and calculating the distribution for one wear step.  In this way the effect 
on the wear distribution of different curve radius discretisations, rail profiles, track 
irregularities and the coefficient of friction can be studied. 

The results of his parametric studies on that vehicle conclude that: 

• The curve radius discretisation has much influence on the shape of the wear 
distribution. 

• It is necessary to include more than one rail profile in the load collective for narrow 
curves (R < 1000m). In this way the wear distribution is smoother. 

• An average value for the coefficient of friction (0.3) can be used, since the shape of 
the wear distribution is not affected much by it. 

• It is sufficient to use a sample frequency for the data from the vehicle-track 
simulations around 2-3 m (about one wheel perimeter).  

With these parametric studies and experience a curve radius discretisation is derived dividing 
the network into radius intervals. The curve radius intervals are finer for smaller radius curves 
since they contribute proportionally more to the total wear distribution. For each of the curve 
radius intervals a so-called type curve is determined by calculating the average radius, 
average length (transition and circular part) and the average cant for all curves in the interval.  
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When the wear distribution is calculated for each type curve it is weighted by the total length 
of all curves within the interval. In this way each curve radius interval contributes 
proportionally with their total length to the total wear distribution. 

Track irregularities are included in the study. It is concluded from measurements that 60% of 
the total track length has quality class K1 and 40% has class K2 (Swedish track quality 
denomination according to the amplitude of track irregularities, K0 being the best quality).  

The wheel-rail contact is modelled by the Hertzian theory (elliptical contact) in combination 
with tabulated results calculated with Kalker’s simplified theory (FASTSIM) for the 
tangential solution. 

In order to study the suitability of Hertzian/FASTSIM, the results are compared to those 
obtained with CONTACT, where the shape of the contact surface can be arbitrary. The results 
conclude as follows: 

Although there are some discrepancies in the results, the general worn shape is very close. In 
fact, the predicted wheel profiles agree very well with the measured ones. Therefore, as the 
CONTACT method is much slower, FASTSIM is considered good enough for this purpose. 

The outputs from the vehicle-track simulations are the inputs to a wear model. Archard’s wear 
model has been used (see Charper 8). The wear volume is given by: 

H

Ns
kVwear =  (5-7) 

where: 

Vwear   = Wear volume (m3),  
S  = Sliding distance (m), 
N  = Normal force (N), 
H  = Worn material hardness (N/m2), 
K  = Wear coefficient. 

 

According to Archard’s wear model the sliding distance depends on if it is evaluated into the 
adhesion zone (no wear) or the slip zon.  

To provide a smooth wear distribution, the contact ellipse is divided into 50 × 50 elements. 
The wear depth in each element is calculated according to: 

H

ps
kz =∆  (5-8) 

where: 

p = Contact pressure, 
∆z = Wear depth in an element, 
|s| = Sliding distance for one element. 

 

The total wear distribution can then be calculated by adding the wear depths for each element 
for all longitudinal strips of the contact surface. 
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The wear coefficient, k, is determined by laboratory measurements. The wear coefficient is 
described in a wear chart (see Chapter 8), with sliding velocity on the horizontal axis and 
contact pressure on the vertical axis. The wear chart has four different regions for the wear 
coefficient corresponding to different wear mechanisms. 

However, the coefficients are obtained for dry conditions so they must be lowered during 
simulations in order to consider the actual environmental conditions. 

Moreover, in straight track also a factor is taken into account to compensate for the braking. 
These factors have been determined by comparing the simulated wheel profiles with the 
measured ones.     

A simulation with a running distance of 200000 kilometres has been carried out and the wheel 
profiles have been compared with the measured profiles. Figure 5-1 shows that the results are 
very close to the measurements. 

 
Figure 5-1 Simulated and measured wheel profile and wear distribution of the X10B-3149 vehicle after 

200000 km distance [22]. 

Enblom 

The objective of Enblom’s PhD thesis [11] is to find a suitable tool to predict wheel and rail 
uniform wear for any condition. The main question is whether it is possible to do it by 
numerical simulation and achieve sufficient accuracy to facilitate the use of the obtained 
profiles in vehicle dynamics simulations. 

The first step in his work is to study deeply the previous work in this field carried out by 
several authors. After that, Enblom judges that the method proposed by Jendel has the greater 
potential with respect to generality and accuracy. For that reason, he takes as starting point 
Jendel’s method for further research. 
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After several tests regarding influence of disc braking, contact environment and contact 
modelling he finds the following results: 

• It is essential to include the tangential flexibility of contacting surfaces in determining 
relative sliding velocities and distances in order to find the wear distribution over a 
contact area subjected to partial slip. These additional calculations have been 
implemented in Fastsim. 

• The use of a semi-Hertzian contact in contrast to Hertzian contact reveals significant 
differencies because the former considers neither the half-space assumption nor the 
non-constant curvatures. 

• The simulation set representing the network properties has been extended with 
simulation of braking, applied directly in the multibody analysis. Thus the creep forces 
change and no scaling factor for braking is needed any longer. 

Then a comparison is done between KTH’s wear method (Jendel´s), Pearce and Sherratt’s and 
that of Ward, Lewis and Dwyer-Joyce regarding the energy dissipation calculation. Results 
indicate that the tread wear is significantly underestimated by the latter method compared to 
the KTH model. The flange wear predictions are of similar order of magnitude although a 
little low for high friction in the case of KTH’s method. 

A simulation is carried out to compare the results between two tribological approaches based 
on Archard’s wear model (KTH method) and friction work (Ward’s et al. and Pearce and 
Sherratt’s) respectively. The vehicle model used is a commuter train from Stockholm 
Transport. The multibody system model is based on the trailer car and includes rigid bodies 
representing the car body, bogie frames and wheelsets. 

Several operating conditions are investigated regarding curve radii, friction, wheelset 
stiffness. In a second part the wear contact parameters are studied at the contact patch level. 

The results show that the KTH and Pearce & Sherratt methods agree very well in several 
cases despite the totally different tribological approaches. The averaging assumption in 
Pearce’s method seems to find some correspondence in the detailed Archard model. 

Ward’s method shows a principally different behaviour when following the local distribution 
of the friction energy throughout the contact area. The consequence seems to be a too strong 
dependence on the friction energy leading to underestimation of tread wear and 
overestimation of flange wear. The agreement between methods seems to be better for the 
case of full slip in contrast to partial slip.  

Further research has been performed by Enblom using Jendel’s method but additionally 
including contact surface elasticity, braking simulation and wear map for moist conditions. 
Simulation of 200000 km running corresponding to 18 months service of the commuter train 
is compared with the measured worn profiles. The results prove that empirical scaling factors 
used by Jendel related to braking and lubrication can be replaced by improved contact models, 
extended simulations and increased material testing, increasing the generality of the 
simulation procedure. 

In particular the tread wear depth and distribution show excellent agreement with the 
measurements. Moreover, Hertz’s contact theory is considered valid. 

The flange wear results could be improved with further development of wear maps for both 
ambient and deliberate lubrication. Non-elliptic contact model and non-linear tangential stress 
distribution would also help to obtain better results, but it would make the computational 
effort a critical issue. 
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Dirks 

Starting from the wear prediction method proposed by Jendel (see above), Dirks [9] calculates 
the wheel profile development due to wear on the Swedish high-speed train X2000 running on 
the railway line from Stockholm to Göteborg.  

Like for Jendel’s calculations, Dirks dicretisizes the network in a set of dynamic time-domain 
simulations with different curves, track irregularities, rail profiles and coefficients of friction. 
For that purpose a previous analysis of the railway line and conditions is made. 

Parametric studies are performed for optimization of the load collective regarding the 
simulation time. Finally a set of ten curves is selected.  

The vehicle-track simulation is performed with the MBS tool GENSYS and the wheel-rail 
contact mechanics is modelled according to the Hertzian theory combined with the simplified 
theory of Kalker (FASTSIM). 

Archard’s wear model is used for modelling the wear rate, using wear coefficients measured 
by laboratory measurements in previous studies. 

In similar way as Jendel, disc braking is estimated by using scaling factors for straight track 
parts. Also compensating factors are used to consider the environmental conditions at the 
contact.  

The results are verified by comparing scalar measurements and equivalent conicity of the 
simulated profiles with measured wheel profiles of that vehicle. The results agree very well. 

Orvnäs 

Orvnäs [35] studies the rail profile evolution due to wear on the light rail line Tvärbanan, 
located in Stockholm. The results are compared to measurements carried out in three different 
curves of the line. 

The wear tool proposed by Jendel is also used for this study. Therefore the wheel-rail contact 
mechanics is modelled according to the Hertzian theory combined with the simplified theory 
of Kalker (FASTSIM). 

The vehicle-track simulation is performed with the MBS tool GENSYS in combination with a 
wear calculation program developed in MATLAB. Archard’s wear model is used for 
modelling the wear rate together with wear coefficients already determined by laboratory 
measurements. The wear coefficients are reduced for natural and deliberate lubrication. Also 
the coefficient of friction is varied for different conditions. 

The results show a more extensive wear rate for simulated results than for the actual measured 
profiles after the same amount of traffic tonnage, especially on the outer rails. 

However, the shape of the simulated rail profiles seems to agree fairly well with the existing 
rail profiles. 

5.2 Present wheel wear tool 

In this section the methodology of wear calculations developed at KTH is described. This is 
the methodology used in the current study for the A32 light rail vehicle. For the first 
applications of this method a tool was developed in MATLAB. The current application is now 
included in a user library compiled in FORTRAN by Enblom which is run directly in 
SIMPACK and the outputs can be read in the output results tool.  
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The simulation steps are collected in the flow chart shown in Figure 5-2.  The steps are briefly 
described below and the used inputs for the current study are described in more detail in the 
following chapters. 

 

 
 

Figure 5-2 Flow chart for wear simulation 
 

A railway network normally consists of a long track with many different parts, many curves, 
both left-hand and right-hand curves, straight track sections, turnouts, etc. That is the reason 
why, in order to simulate the wheel or rail wear, the entire network should be considered. 
Since that is not possible, in most cases, the main task for the simulation is to find a correct 
network discretization. The simulations must be restricted to certain representative track 
sections called type curves related to selected ranges of radii. In parallel other parameters may 
be varied like running speed, wheel/rail friction, rail profiles, braking and traction, track 
irregularities, etc. The track discretization is called here parameter set.  

There is another point that must be considered. The wheel-rail contact affects the wear, but 
also the contact depends on the wheel profile shape, which changes due to wear. That is the 
reason for the feedback loop shown in the flow chart of Figure 5-2. The track is discretized, 
the simulation is performed for that set of curves, after that the wear is calculated by means of 
the chosen wear method and then, the profile must be updated to the worn shape. The 
corresponding simulated distance is calculated according to the input maximum limits for 
wear depth and distance and then another simulation step starts with the further worn profile. 
This process is repeated until the total desired mileage is reached. 
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Simulation set 

The simulation set includes both the track discretization (type curves) and the rest of 
parameters which can be considered for each type curve. The parameter set is kept constant 
throughout the simulation of the wheel wear, so it is the same for every wear step. 

The main parameters taken into account for the simulation set of the present study are 
described below. At this point it is important to emphasize that for the present model a 
simulation as simple as possible was tested at the beginning. The wear distribution did not 
look correct compared to that from the measurements and many other parameters were needed 
to be included to find a better solution. For that reason the simulations became too long and 
made it difficult to perform a wider set of parametric studies. This will be discussed later. 

Track design geometry 

The first step to choose the track geometry representative of the network is to analyze the 
amount of curves, transition curves and straight parts. Curves with smaller radius contribute 
more to the wear than curves with a larger radius, especially to flange wear. Moreover, the 
network has to be studied to determine the symmetry regarding the number of right-hand 
curves and left-hand curves and their corresponding length. This characteristics of the 
network is studied in Section 6.2. If the network can be considered as symmetric then the 
number of simulations can be halved.  

Another aspect that usually must be considered is if certain parts of a railway network are 
more frequently travelled than others. In that case weighting factors may be used for those 
parts, since they will have a higher contribution to wear. In the actual network, called 
Tvärbanan (see Section 6), the vehicles run along the track in both directions with the same 
frequency, so no weighting factors are needed here.   

Vehicle speed 

According to the chosen curves, the speed must be selected approximated to that for the actual 
vehicles for such conditions. The speed affects the dynamic behaviour of the vehicle and 
hence the wear. Maximum speed must also be taken into account in order not to exceed it. 
That is important in this study because the A32 speed had been limited at the time of the 
measurements due to speed control concerns.  

Track cant  

Cant is the superelevation of the outer rail in curves. Thanks to the cant, the lateral 
acceleration at the track plane level is reduced and hence the wheel lateral displacement and 
dynamic behaviour is affected. Therefore it must be included in the simulation set.  

Rail profiles 

The contact between wheel and rail depends on both wheel and rail profiles. The contact is the 
basis for the worn shape, so if wheel wear is to be studied, worn rail profiles should be 
included in the simulation set to better emulate the real contact condition for each part of the 
track. Jendel concluded after his study that the use of different rail profiles spreads more the 
wear, giving a more realistic distribution. Different worn rail profiles belonging to the present 
track are included in this study.    

Track irregularities 

Track irregularities are always present on a railway network. They spread the wear over the 
profiles in a natural way. Consequently, in order to obtain more realistic results they must be 
included in the simulation set. As will be explained in Chapter 6, the track irregularities for 
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the present network seem to be very marked and they slow down the simulations 
considerably. 

Coefficient of friction 

The coefficient of friction influences the dynamic behaviour of the vehicle since it affects the 
creepage forces. The relation between coefficient of friction and wear rate is not very clear 
and is studied in more detail in Chapter 7. Lubrication in sharp curves is common to try to 
reduce wear and improve curving performance. This lubrication changes the coefficient of 
friction and also the wear coefficients so it must be taken into account for the simulations. In 
Tvärbanan line lubrication devices are installed in narrow curves. See Section 6.2.     

Wear weighting factors 

Although the wear calculation is done one step after the vehicle-track simulation, some 
weighting factors may be necessary to compensate the environmental conditions. The wear 
parameters of the wear map used for the Archard theory were calculated for dry conditions. 
The natural and lubricated conditions must be weighted somehow for realistic results. 

Braking and traction 

Braking and acceleration affect wear since they affect the sliding in the wheel-rail contact. 
Sliding determines the transition between wear mechanisms. Furthermore, braking and 
acceleration also affect the dynamic behaviour of the vehicle in curves. For the present study 
the use of traction and braking was essential. Braking and acceleration may not be so 
important in long distance journeys, but here it seems to be, according to the results, one of 
the key factors affecting wear. The frequency of stops and starting is very high on this line. 
Seventeen stops in a thirteen kilometre long track seem enough to consider this. 

Vehicle-track simulations 

The necessary elements for the simulations are: the vehicle model, the track model and the 
contact model. The vehicle model in SIMPACK and its validation has already been described 
in Chapter 3, including the additional elements which have been implemented in the model 
for the present application. The track model is presented in Chapter 7, representing vertical 
and lateral track dynamic behaviour.  

The contact problem is studied by means of a tangential contact model and a normal contact 
model. In SIMPACK, before the tangential forces can be calculated, the normal force N in the 
contact patch must be known. Where the normal force in SIMPACK comes from depends on 
the contact formulation selected in the “Vehicle Globals” setting. For this study different 
contact methods have been tested and they are presented in Chapter 7.  

For all methods of normal force calculation the patch is considered to be according to Hertz’s 
theory (see Section 7.2). 

The main tangential force law is the Simplified Nonlinear Theory of Kalker, presented in 
Section 7.2. 

In SIMPACK, the wheel-rail geometry functions are created in a pre-processor. The wheel-
rail pre-processors are used within SIMPACK for the approximation of measured profiles of 
arbitrary railway vehicle wheels and rails as well as for the pre-calculation of: the constraints 
of the wheel rail contact problem, the co-ordinates of the point of contact between wheel and 
rail and the friction parameters. 
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For the time integration analysis the integration method must be defined. In this study the 
default method in SIMPACK has been used. This method is called SODASRT_2. The 
stepsize and order depend on user-defined error tolerances. 

Parametric studies carried out by Jendel [22] indicate that it is not necessary to save output 
data every integration time step. It is sufficient to save data with an output time step 
corresponding to one wheel revolution. 

Wear calculations 

Assuming that there is no loss of contact between wheel and rail, there will be at least one 
contact surface between them at any time. Moreover, the wheel profile is assumed to be 
identical around the circumference of the wheel. Wheel out-of-roundness phenomena like 
wheelflats are thus not taken into account.  
When predicting wheel profile wear the total wear distribution over time, i.e. the sum of all 
contacts between wheel and rail profiles, must be considered. It is then necessary to predict 
the location, size and shape of the contact surface between wheel and rail for all contacts a 
wheel profile will be exposed to. 

If one contact is assumed per wheel revolution, the number of contacts along a track part 
depends on the wheel radius. For example, a 500 m long track leads to )2/(500 0r⋅⋅π contacts, 

that is 160 contacts for a typical radius of 0.5 m. 

Since each revolution forms a wear distribution over the wheel profile, it is possible to treat 
each output time step as a separate contact problem resulting in a wear distribution. 

The wear modelling method is presented in detail in Chapter 8. 

Wheel profile updating 

Once the wear distribution is calculated for each curve radius interval, the final wear 
distribution corresponding to the whole network is calculated by weighting with the total 
length of all curves within the intervals. 
After every wear step, the wear distribution is applied on the wheel profile, so it is updated. 
Previous studies show that it is good to apply a smoothing factor to compensate possible 
discretisation errors and to provide physically plausible profiles. The profile updating 
procedure is detailed in Chapter 9. 
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6 Simul ation set 

6.1 Network of study: Tvärbanan 

The double-track tram line of study is presented in Figure 6-1. The length is about 12 km and 
it has 17 stops. 

 
Figure 6-1 Tvärbanan line Stockholm (SL) 

 

The trams run from Sickla Udde to Alvik and back. That is an advantage for symmetry. The 
leading carbody is, when running in the other direction, the trailing body. This symmetry is 
demonstrated in Section 6.2 and the advantages of that are then explained. 

The track from Sickla Udde to Alvik is called the northern track and the track from Alvik to 
Sickla Udde is called the southern track. 

6.2 Track design geometry 

Type curves definition 

The track data is provided by SL (Stockholm Local Transport) in the form of data files [38]. 
Figure 6-2 shows an example for one part of the southern track. 
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Figure 6-2 Example of a track design data in BIS format [38] 

 

In order to define the track parts for being processed by the track design tool, the data have to 
be rearranged and saved as a text file. Table 6-1 shows an example corresponding to the same 
parts as shown in Figure 6-2. 

 

Category L (m) R (m) u (m) Rt (m) 
0 145.47 0.00 0.00 0.00 
1 43.00 0.00 0.00 72.80 
2 132.77 72.80 0.00 0.00 
3 36.00 0.00 0.00 72.80 
0 40.80 0.00 0.00 0.00 
2 19.84 179.29 0.00 0.00 
0 127.17 0.00 0.00 0.00 
2 25.45 -760.00 0.00 0.00 
0 20.00 0.00 0.00 0.00 
2 21.63 1200.00 0.00 0.00 
0 34.83 0.00 0.00 0.00 
1 20.00 0.00 0.00 -168.90 
2 101.50 -168.90 0.00 0.00 
3 45.00 0.00 0.00 -168.90 

 
Table 6-1 Example of input format for track analysis 

 

The categories are as follow: 

0 for straight track parts 

1 for transition curve up (increasing curvature, but final radius is taken as nominal) 

2 for circular parts 

3 transition curve down (decreasing curvature, but initial radius is taken as nominal) 

L is the track segment length, R the radius, u the cant and Rt is the radius connecting the 
transition track to the circular part. A minus sign is used to indicate left-hand curves. 

It is here important to note that no data for cant was given by SL together with the track data. 
Values for such cant were sent in additional files including running speed but in different 
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format, not corresponding to the same definition of track parts. The solution for this problem 
was to take the cant from these second files corresponding to similar curves (similar radius 
and speed).  

The track design geometry is primarily discretisized based on the radius in the circular part of 
each curve. The actual curves are clustered into radius classes and one type curve is defined 
for each class. The quantities related to a type curve are shown in Figure 6-3. 

 
Figure 6-3 Curve discretization parameters. 

 

The first simulations were made by simulating the type curves shown in Table 6-2 and Table 
6-3. This track discretisation is called from now on as type curves 1 to differentiate to later 
cases.  Table 6-2 shows the necessary input parameters for the track definition in SIMPACK. 
Table 6-3 shows the rest of the parameters varied depending on the type curve. 

 

Name R (m) u (m) Lt (m) Lcirc (m) L tot 
A32_R35 35.1 0 17.15 24.1 118.4 
A32_R79 79.6 0.04 25.55 60 171.1 
A32_R143 143.4 0.08 29.15 55.8 174.1 
A32_R237 237.2 0.08 29.5 69.8 188.8 
A32_R325 325.1 0.06 35.55 80.8 211.9 
A32_R701 701.5 0.03 18.55 78.9 176 
A32_R1727 1727.6 0 36.1 48.3 180.5 
A32_Straight 0 0 0 200 260 

 
Table 6-2 Type curves version 1. Inputs for track definition 

 
 

Distance factor (%) v 
(m/s) 

tend 
(s) 

# 
outputs 

µleft µright  
Wear factor 

left 
Wear factor 

right 
8.54 4.44 19.89 49 0.25 0.35 0.05 0.14 
8.82 8.08 17.47 78 0.25 0.35 0.05 0.14 
20.36 12.47 11.55 79 0.25 0.35 0.05 0.14 
7.35 13.89 11.43 87 0.25 0.35 0.05 0.14 
11.8 13.89 13.10 100 0.35 0.35 0.14 0.14 
10.88 13.89 10.51 80 0.35 0.35 0.14 0.14 
10.44 13.89 10.84 83 0.35 0.35 0.14 0.14 
21.81 13.89 16.56 127 0.35 0.35 0.14 0.14 

 
Table 6-3 Type curves version 1. Parameter set. 
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This set of curves corresponds to the intervals between the following radii: [0, 50, 100, 200, 
300, 500, 1000, 3000]. Curves with wider radius than 3000 are considered as straight.  

How the parameters are calculated is described below. 

• The radius, R, is the mean value of the radius from the curves belonging to the 
corresponding interval.  

• The length of the circular part, Lcirc, is the mean length of the total circular length 
from the curves belonging to the corresponding interval. 

• The length of transition curve, Lt, is calculated as the average of the length of 
transition curve up and down. This is so because the standard railway track definition 
in SIMPACK does only permits to define one value for transition, which is used as 
entry transition and exit transition length. The entry transition length and the exit 
transition length are calculated as the mean value of those belonging to the interval.  

• The total length, Ltot, is calculated with the following formula: 

vehiclecircttot LLLL ++= 2  (6-1) 

where Lvehicle is the vehicle length which is added to the total length because the 
vehicle needs a piece of track to stand on before the running simulation. 

• The cant, u, is the superelevation included in some curves to reduce the lateral 
acceleration. The values for this study are taken from a data file given by SL which 
defines the running speed for each track section but in different format than the data in 
Table 6-1. Table 6-4 shows a portion of such data. 

 
Section (km+m) Speed (km/h) Note 

10+728.840 - 10+793.205 30/ max 80 Station Gullmarsplan 

10+793.205 – 10+900.000 30 RL/R90/Fh=0 

10+900.000 – 11+030.000 35 R79.3/Fh=80 

11+030.000 – 11+320.000 40 R150/Fh=50 

11+320.000 – 11+527.247 50 RL/R2200/Fh=0 

11+525.224 – 11+586.224 30/ max 80 Station Mårtensdal 

11+592.247 – 11+928.432 50 RL/R2200/Fh=0 

11+928.432 – 12+002.640 30 R90/Fh=0 

12+011.130 – 12+073.130 30/ max 80 Station Luma 

12+067.640 – 12+120.000 30 R90/Fh=0 

12+120.000 – 12+455.000 50 RL 

Table 6-4 Piece of data of Tvärbanan track from SL [38] 
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It is important to remark that the maximum speed of 80 km/h was the maximum design speed, 
at the time of measurements, however, the Automatic Train Control (ATC) was not yet 
operational so the speed limit was reduced to 50 km/h. Nowadays the vehicle can run at the 
design speed, but it was not like this at the time of the measurements. 

• The speed, v, is calculated by the following equation: 

 

)
2

(
0

lim, b

u
gaRv y ⋅+⋅=  (6-2) 

where ay,lim is the maximum lateral acceleration limiting the maximum speed and 2b0 is 
the distance between the nominal wheel–rail contact points on the left and right side. 
The maximum lateral acceleration for the simulations is assumed to be 0.56 m/s2, 
being so a typical value for this kind of vehicles [38] and for comfort requirements. 
Speeds higher than 50 km/h are truncated due to the speed limit at the time when the 
measurements were made.  

• The simulation time for each curve, tend, is calculated by dividing the total length, Ltot, 
by the speed, v. 

• The number of outputs for the simulation corresponds to the number of revolutions of 
the wheel for the simulated distance. This is so because one contact per revolution is 
considered for wear calculations. 

• The coefficient of friction changes for outer rails (left rails, since the curves are 
defined as right-hand) for curves under 300 m radius due to additional lubrication. See 
Section 6.2. 

 

Other parameters corresponding to each type curve as track irregularities or rail profiles are 
described later.  

Symmetry conditions 

The Bombardier wear tool implemented in SIMPACK has a routine which takes advantage of 
the symmetry in terms of equal distribution of left-hand curves and right-hand curves as well 
as forward and backward running. Assuming that, it means that for instance the wheels of the 
outer axles will experience the same wear. It is thus sufficient to run each curve only once for 
wheel wear depth calculation and profile updating, corresponding to one fourth of the actual 
total running distance (see Section 9). 
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Figure 6-4 Bisymmetrical wheel wear calculation 

 

Since the wear tool only permits to calculate wear on four wheelsets at the same simulation, 
only the wheels of the motor outer bogies are considered. For that reason, the ending bodies 
have had to be renamed as B1 and B2. Figure 6-4 shows the nomenclature. Then the wear on 
the inner body wheels is not considered in this study. 

As a result, taking advantage of the symmetry only two worn profiles will be generated, the so 
called profile j and the profile i are considered. In the SIMPACK model two types of wheelset 
are defined, each of them with their corresponding wheel profile. At the beginning both 
wheelsets start with the same profile, the nominal one (see Figure 2-6), but they are updated 
separately.  

In order to demonstrate that the use of the symmetry is consistent, two different analyses may 
be made. Firstly, a simple visual analysis of the measurements gives a clear conclusion. 
Figure 6-5 shows the wear depth measured at the wheels of car 401 corresponding to those 
which are to be simulated, i.e. left and right wheels of the ending bogies, W1L, W1R, W2L, 
W2R, W3L, W3R, W4L and W4R (see Figure 6-4 for notation). No major differences are 
found, so it can be concluded that the wear is symmetric for the pairs W1&W4 and W2&W3.  

W1L 

W1R 

W2L 

W2R 

W3L 

W3R 

W4L 

W4R 

WS1 WS1 WS2 WS2 
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Figure 6-5 Measurements of wear radial depth for the wheels of the motor bogies of car 401 (14000 km) 

 

According to Figure 6-5, the measurements are very close between W1&W4 and W2&W3, 
which is not common. Usually W1&W4 have higher wear than W2&W3 because they are 
leading bogies. This behaviour has not been studied here, but it should be due to the special 
design of this vehicle. 

A second analysis is related to the curves according to the circular part. The proportion of 
right-hand curves and left-hand curves with respect to the radius is shown in Figure 6-6. 

They look pretty similar so it can be concluded that the symmetry assumption is consistent. 
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Figure 6-6  Percent of right-hand curves (top) and left-hand curves (bottom) 
 

Coefficient of friction 

The coefficient of friction is an input data to the vehicle-track simulations and may affect the 
dynamic behaviour of the vehicle since it limits the maximum transmissible resultant creep 
force in the plane of contact [22]. 

However, the relation between this coefficient and the wear rate is not so clear.  In some cases 
the wear coefficient may even be higher when the coefficient is low than when it is high [21]. 
From a engineering point of view, the relation is so that by lowering the coefficient of friction 
the observed wear rate is lowered, but in reality what changes is the environment, for example 
the lubricants and thus also the coefficient of friction changes. 
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It is very difficult to measure the coefficient of friction in laboratory for this kind of 
application so attempts to measure or estimate it are still needed. 

In addition, the coefficient of friction depends on the sliding velocity, which makes it more 
difficult to simulate. The relation can be described with a Stribeck curve (Figure 6-7), which 
indicates the different regimes.  
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Figure 6-7 Stribeck curve [9] 

 

However, the wheel-rail contact is always in the boundary lubrication regime why it is 
reasonable to use a constant value. 

In order to decrease the wear rate on both rails and wheels, the gauge face of the high rail in 
this network is lubricated in all curves with a radius smaller than 300 m. This is performed by 
means of a lubricating device shown in Figure 6-8. The device consists of a box attached to 
the rail containing an oil-based lubricant. From the box a piece of felt is connected to the rail. 
The felt absorbs the lubricant, which is spread along the curve by the passing wheels. The 
lubricating device is located 2-5 m after the transition curve starts and produces a lubricating 
effect up to several hundred metres. The effect of lubrication decreases with the distance and 
so the coefficient of friction increases. However, a constant value is considered for the 
simulations.  

According to Jendel’s study [22], an average value for the coefficient of friction is sufficient 
for this kind of simulations. Thus constant values of µ=0.15-0.25 for curves with lubricating 
device, and µ=0.35 for the rest of the curves are used.  
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Figure 6-8 Lubricating device used at the embankment  

 

In the reference case, called simulation 1.1, the values used for the coefficient of friction are 
as follows:  

 

Lubrication status µ 

With lubricating device (outer rails, curves under 300 m radius)  0.25 

Natural lubrication only 0.35 

 
Table 6-5 Coefficient of friction in reference simulation 1.1 

Wear factors 

The wear factors (or wear coefficients) are included as parameters for the wear calculation for 
each wheel. They depend on the contact pressure and the sliding velocity. They are discussed 
in Chapter 8 where the wear model is presented.  

The wear factors, ki in Equation 5-5, are taken from laboratory measurements for dry 
conditions. That is why they must be rescaled for the actual network conditions with scaling 
factors. That is not an easy task. For the present application, different scaling factors are used 
for average normal conditions and for extra lubricated rails, as in the case of the coefficient of 
friction. 

Tests are made with values from Jendel [22] and later calibrations by Enblom [11].  

Track irregularities 

Track irregularities are deviations relative to the nominal geometry and are always present in 
rail traffic [35]. They give rise to a realistic variation of the contact position and thus a 
smoother wear distribution.  

The only track irregularities available from this network are those used by Orvnäs [35] for her 
study on rail wear of this vehicle. The measurements were done at the same time as the wheel 
wear measurements. These irregularities correspond only to the track part from the kilometre 
point 6.150 to 10.065 of the southern track. Therefore the track irregularities for each curve 
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have been chosen from similar parts of the track belonging to that interval. The data in Table 
6-6 has been used to define the stretch for each curve by looking at the radius and speed. 
Consequently the track irregularities chosen, for the type curves version 1, are as follows: 

Curve Track irregularity stretch (m)  
R35 7720-7830 
R79 10560-10650 
R143 7980-8060 
R237 6760-6960 
R325 6451-6660 
R701 9925-10065 
R1727 7445-7630 
Straight 8060-8383 

 
Table 6-6 Track irregularities from southern track chosen for each curve 

 

The first 30 m part of the track corresponding to the vehicle length is left without 
irregularities. A smoothing factor (provided in SIMPACK) of 20% is selected for the 
transition between both parts in order to avoid problems of integration. The stretch can be 
longer than the track. In that case the remaining part is not considered by the program in the 
simulation.  

From the moment the track irregularities were included in the model the standard SIMPACK 
contact called s-constant had to be changed to s-variable to avoid continuity problems during 
integration. The difference between the two contact types is presented in Chapter 7. The 
integration time increased considerably. 

Rail profiles 

Only four types of rail profiles for both outer and inner rails were available for this study, 
apart from the nominal (unworn) one. They are worn rails generated from measurements. The 
measurements were done by the time of the wheel wear measurements. They are defined by 
the kilometre point, so it has been possible to determine the track characteristics at those 
points thanks to the data in the form of Table 6-4. Table 6-7 summarizes the characteristics. 

 
Rail profile  Track characteristics 

2220 
R = 300 m 
u = 0.08 m 

2970 
R = 130 m 
u = 0.08 m 

10450 
         R= 400 m 

u = 0.03 m 

10610 
         R = 85 m 

u = 0.04 m 
  

Table 6-7 Available worn rail profiles 

 

Accordingly, the rail profiles used for each type curve in version 1 are presented in Table 6-8. 
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Curve Rail profile 
R35 10610 
R79 10610 
R143 2970 
R237 2970 
R325 2220 
R701 10450 
R1727 10450 
Straight Nominal 

 
Table 6-8 Rail profiles in the simulation set 

 

Later changes are described in Chapter 11. 

 

Braking 

In the simulation with type curves version 1, braking is included only in the second half of the 
straight track. During 7 seconds the train brakes at a rate of 0.8 m/s2 that is a typical rate 
according to SL data [38]. 

According to the data, the stops are normally on straight track, but the vehicle has to brake 
before the station and accelerate after the station. That is why in later simulations the effect of 
braking in wide curves is considered. No major differences are found anyway (See Section 
10.4). 
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7 Vehicl e-track simul at ions 

 

The main elements needed to simulate wear are: the vehicle model, the track model and the 
contact model. The SIMPACK vehicle model has already been presented in Chapter 2. The 
track model is presented below. Finally, the contact model used in the simulations is 
presented in detail in order to better understand how the creep forces arising in the contact are 
calculated. These forces are then input for the wear calculation, which is explained in Chapter 
8. 

7.1 Track modelling 

The dynamics model of the track is shown in Figure 7-1. The track piece, moving along with 
each wheelset, consists of one suspended mass with three degrees of freedom: vertical and 
lateral displacement and roll. The mass is defined by m and Ixx (inertia). 

The vertical motion is modelled with a stiffness, cz, and damping, dz. In the same way the 
lateral motion is modelled with a stiffness, cy, and damping, dy. Values are taken from [34]. 
They are typical values for railway applications.  

Other values and even rigid track have been tested and no major differences have been found 
in the final results of wear. 

 

 
Figure 7-1 SIMPACK track dynamics model [20] 

7.2  Contact modelling 

The wheel-rail pairs are the main modelling elements in SIMPACK to calculate the contact 
outputs. There is one wheel-rail pair per wheel-rail contact. These elements contain all the 
parameters and data needed to describe the contact as profile names, geometric data, force law 
parameters, etc. Some of these elements are introduced below. 

• Two profile reference markers, one on the rail and one on the wheel Body, which 
determine the position of the rail and the wheel in space, 

• A Force Element which searches for the contact and provides the normal and 
tangential contact forces. These forces are calculated according to a theoretical 
background that is presented below. 
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• Result elements which output contact-related data such as wheel and rail forces, 
contact positions, etc. 

Wheel and rail profiles 

Wheel and rail profiles are described in SIMPACK as parametric splines which are 
approximated to fit the original data. In the present study the original data has been given by 
SL [38] in the form of coordinates. These data have been then transformed to profile files in 
SIMPACK format. The way how the profiles are measured has been presented in Section 4.2. 

Each wheel-rail pair in SIMPACK has one wheel profile reference marker and one rail profile 
reference marker. By means of the geometry parameters, the profile reference markers are 
always automatically located at the reference positions for the wheel and the rail profile 
located in the wheel taper line plane and rail head middle, respectively. 

The rail profile reference marker moves with the irregularities and the wheel profile reference 
marker rotates against the rotation of the wheel. 

Regarding the rail profiles in SIMPACK, a recent new profile format has been introduced. 
This new profile type is called s-variable because it permits to take into account the variation 
of the profile along the track. In other words, the profile can be dependent on the s-coordinate. 
The differences between the s-constant profile and the s-variable and the way they affect in 
the present study are presented below. 

Force elements 

Each wheel-rail pair is connected to one wheel-rail force element. This force element searches 
for contact between the rail and the wheel, and then calculates the normal forces and finally 
the tangential (creep) forces. 

In some situations there may be more than one contact patch between the rail and the wheel of 
the same wheel-rail pair. The forces are then determined for each contact patch separately and 
then combined to one resulting force and torque per wheel-rail pair. 

The process to determine the contact forces is performed with the following tasks: 

• Evaluate the profile geometries and find the locations of the contact patches, then, for 
each contact patch: 

• Evaluate the kinematics (creepages) 

• Determine the normal force, and 

• Determine the tangential forces. 

Contact functions 

The position and orientation of the contact patch on the wheel and on the rail are defined as 
functions of the relative measurements between the profile reference frames (markers). The 
corresponding reference frames are shown in Figure 7-2 

. 
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Figure 7-2 Frames used for describing the wheel-rail contact problem [20] 

 

Both the wheel and rail profile reference frames are located on the track by means of s(t), that 
is defined as the arc length co-ordinate of the wheelset along the track.  

Two different ways to evaluate the contact are available in SIMPACK: Table evaluation and 
online evaluation. If table evaluation is selected, the position and orientation of the contact 
frames on the rail and on the wheel are pre-calculated as function of the distance and the 
orientation between the two profile reference frames. If online calculation is selected instead, 
the contact frame positions and orientations are calculated for each right-hand side call of the 
calculation.  

Due to the axial symmetry of the wheel and the shape of the rail surface, the geometrical 
contact problem depends only on three relative co-ordinates, namely: 

• y lateral deviation of the wheel with respect to the rail reference frame 

• ϕ roll angle: first cardan rotation about x-axis of the rail 

• ψ yaw angle: second cardan rotation about z-axis of the wheel reference frame. 

The general 3-dimensional contact problem is divided into two 2-dimensional problems by a 
quadratic approximation of the geometry functions with respect to the yaw angle ψ. 

The contact geometry functions are calculated in a pre-processor. The general contact pre-
processor generates tables containing the 2-dimensional spline coefficients for: 

• The constraint Z of the vertical deviation of the wheel with respect to the rail reference 
frame, 

• The contact coordinate S of the wheel according to the geometrical constraint, 

• The contact coordinates of both the wheel and the rail according to the physical 
contact point and 
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• All friction parameters required for the computation of the friction forces. 

The values of the contact geometry and the friction parameters are produced by a subroutine 
using the wheel and rail profiles. SIMPACK has two different algorithms to obtain the contact 
parameters: 

• Rigid contact: the penetration and the profile curvatures at the point of the maximum 
penetration are used, or 

• Quasi-elastic contact: a weighted mean of the penetration and the curvatures, 
determined over a certain range, is used. This leads to a regularisation or smoothing of 
the profile functions, avoiding sudden jumps of the contact points when it moves 
along possible changes in the profile curvature. 

Contact patch 

The contact patch is searched for by means of a 2D search between the rail profile and the 
wheel profile with the current yaw angle of the wheel. The contact patch locations are found 
by searching for profile penetrations or intersections. The patch can be either elliptic or non- 
elliptic.  

In this study the patch is considered to be elliptic according to the Hertz theory. Figure 7-3 
shows the shape and the coordinates system used to describe the contact. 

 
Figure 7-3 Coordinates system in Hertzian contact patch 

 
The Hertzian contact theory [17] has the advantage of permitting to treat the normal and the 
tangential contact problem separately. The assumptions of this theory are the following: 
 

• Deformations are small and the materials in contact have linear elastic behavior. 
• The contact area is small compared to the typical dimensions of the bodies in contact, 

e.g. the wheel radius. 
• The curvatures of the bodies are constant near the contact area. 
• The surfaces are ideally smooth. 
• The materials of the bodies are homogenous and isotropic (same properties in all 

directions).  
• The bodies are quasi-identical (geometrically and elastically the same), which implies 

that the normal and tangential contact problems can be treated separately. 
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The contact ellipse is described by very few data: the position of the ellipse centre and the 
semi-axes in longitudinal and lateral direction. The longitudinal ellipse axis is assumed to be 
always in the longitudinal direction of the rail profile reference marker whilst the lateral axis 
is perpendicular to the longitudinal axis and tangential to the rail profile. Figure 7-4 shows the 
main parameters defining the ellipse and the load distribution. 

 
Figure 7-4 Contact pressure distribution in contact patch [1] 

Normal forces 

Before the tangential forces can be calculated to determine the wear, the normal force N in the 
contact patch must be known. In SIMPACK, the normal force depends on the contact 
formulation selected. The different methods are presented here. Several tests using these 
methods have been carried out in this study to find the best solution.  

• If constraint contact is selected, a constraint force consisting of a spring-damper with 
linear stiffness and damping belongs to the current contact patch. In case of multi-
point contact (one contact on the tread and up to two on the flange/back of flange) the 
constraint force is distributed over the contacts via an elastic analysis.  

• If elastic one-point contact is selected, it is the force of the one-sided spring-damper 
element that belongs to the current contact patch.  

• If elastic multi-point contact is selected, the elastic normal force is calculated 
internally within the tangential force element by means of a one-sided spring-damper 
formulation. 

• If s-variable rail profiles are used, SIMPACK is able to switch automatically from 
constraint to elastic contact formulation during the time integration. That is an 
advantage that explains the use of this kind of profile in this study. This is better 
explained below.  

The tangential force element recognises automatically which contact formulation is currently 
active and reads the normal force from a global array. If the normal force is calculated 
internally the current elastic penetration of the wheel and the rail in the contact patch is read 
from the arrays instead. 

Tangential forces 

Several theories for the calculation of tangential forces have been developed over the years; 
however, among the different force laws that SIMPACK permits to use, the one used in this 
study is the Simplified Nonlinear Theory of Kalker (FASTSIM). This is one of the standard 
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models to calculate the tangential forces in multibody simulations. This theory is a 
simplification of Kalker’s nonlinear creep force theory. 

For the tangential problem to be solved, the relative slip velocity between wheel and rail must 
be calculated. The sliding velocity in the contact is divided into components in the travel 
direction (vξ), the direction in the contact plane perpendicular to the travel direction (vη) and 
angular velocity (ω) about an axis perpendicular to the contact plane. The components are 
shown in Figure 7-5 as well as the discretisation of the contact patch. 

 
Figure 7-5 Contact patch discretisation 

 

In vehicle dynamics these velocities are normalised with the vehicle speed, v, so the 
longitudinal creepage, lateral creepage and spin creepage are obtained as: 

 

vv

v

v

v ωφυυ η
η

ξ
ξ ===  (7-1) 

 

where: vξ and vη are the average longitudinal and lateral sliding velocities [m/s]  

ω is the angular sliding velocity [1/s] 

v is the vehicle speed [m/s] 

υξ and υη are the longitudinal and lateral creepages [-] 

ϕζ is the spin creepage [1/m]  

 

The vector sum of the longitudinal and lateral creepages is the total creepage, denoted as υ.  

For computing the elastic field in the patch the generic creepage is given by: 
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where: uξ  is the elastic deformation in ξ-direction 

 uη is the elastic deformation in η-direction 

In the contact patch two different regions must be distinguished (see Figure 7-6): 

• The adhesion region (A), where: 
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 is the sliding distance 

τξ is the traction in x-direction 

 τη is the traction in y-direction 

 p is the contact pressure, that, for an elliptic distribution, is given by: 
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Figure 7-6 Normal and tangential stress distribution at the contact patch [20] 

 

The elastic deformation according to the nonlinear theory has the following form: 
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where Li are the flexibilities. 

In case of small creepages the linear theory is applicable and then there is adhesion in the 
whole contact patch. It leads to: 
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where  a is referred to the semi-axis in rolling direction and b to the semi-axis perpendicular 
to rolling direction.  

The flexibilities can be identified by the Kalker coefficients Cik of the linear theory. The 
Kalker coefficients are tabulated as function of g=min(a/b, b/a) and v (Poisson ratio). Thus 
they are expressed as follows: 
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(7-10) 
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(7-12) 

where G is the shear module. 

Kalker coefficients can be defined by table or online evaluation. They can also be defined 
with constant value.  

The main difference in the simplified theory is that the deformation in one point only depends 
on the load in this point. In the nonlinear theory the deformation in one point depends on the 
load in all locations. Thus the simplified model of the contact can be imagined as a “bed of 
springs” which are deformed independently from each other. The patch is divided in small 
cells of ηξ ∆×∆ as it is shown in Figure 7-5. 

For the nonlinear computation, the saturation of the friction force must be included. The 
integration method (discretisized) is as follows: 

For k = 0,1...N-1, N being the number of divisions: 

( )







∆−+−∆+∆=∆









+−∆+∆=∆

+

+

2/)(

31

)()1(

31

)()1(

ξξ
ηϕ

ξττ

ηϕ
ξττ

ζη
ηη

ζξ
ξξ

kkk

kk

LL

v

LL

v

 

(7-13) 
 

 
(7-14) 



 

76 
 

 

If  22)1(2)1(2 pkk µττ ηξ >∆+∆ ++ , it takes  

p
k

k
k µ

τ
ττ

)1(

)1(
)1(

+

+
+

∆
∆=∆  (7-15) 

Normally the equations are normalised to dimensionless equations and the contact area is 
transformed into the unit circle. Generally the friction force is determined by 9 parameters, 
but by normalisation the problem is reduced to 4 parameters in the following way: 
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Where: 

Rrξ is the first main curvature of rail in the contact point 

Rrη is the second main curvature of rail in the contact point 

Rwξ is the first main curvature of wheel in the contact point 

Rwη is the second main curvature of wheel in the contact point 

c is the mean semi-axis of the contact ellipse 

Differences between s-Variable and s-Constant contact 

The main difference between s-constant and s-variable profiles is that the s-constant only 
permits to define a constant rail section along the track whilst s-variable permits to define 
different rail cross sections. That is very useful e.g. for simulations of a train running through 
a switch. However that is not the reason why s-variable is so convenient in this application. 

The other difference is shown in Figure 7-7. In the case of s-constant profiles, the contact is 
calculated either by table evaluation and quasi-elastic or online evaluation and rigid, 
depending on whether the contact is at the tread or at the flange respectively. However, the 
contact is always calculated by online evaluation and quasi-elastic for the case of s-variable. 
That is a disadvantage regarding the simulation time, but it is also an advantage because it can 
avoid problems of continuity during the integration. This issue is presented in Chapter 10 
because it was a key factor during simulations. 
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Figure 7-7 Differences between s-variable and s-constant profiles [20] 
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8 Wear cal cul ations 

 

Several models for wear calculation have been developed during last years. Among them, 
Archard’s model has been chosen as the most suitable one for this prediction tool, according 
to Jendel [22] and Enblom [11]. 

8.1 Archard’s model 

Archard [2] carried out sliding wear tests with different material combinations and formulated 
a model for the material loss as function of contact pressure, sliding distance and velocity, and 
surface hardness. The basis of the model is indicated in Figure 8-1. 

 

 
Figure 8-1 Archard sliding wear model 

 

The material loss in terms of volume is expressed as: 

H

Ns
kVwear

ζ=  (8-1) 

where: 

Vwear   is the volume of wear [m3],  

s  is the sliding distance [m], 

Nζ  is the normal force [N], 

H  is the hardness of the softer surface [Pa], 
k  is the wear coefficient [non-dimensional] (depending on the wear regime). 

 

To provide a smooth wear distribution, the contact ellipse is divided into 40 × 40 elements 
(see Figure 7-5). The local model for each element is calculated according to: 
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where:  

∆ζ   is the local wear depth [m], 

∆s   is the sliding distance increment [m], 

pζ   is the local contact pressure [Pa], 

 

The contact pressure is calculated according to Equation 7-3. 

The sliding distance increment is calculated from the time step and relative sliding velocity, 
according to the notation in Section 7.2:  
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The elastic strain components in Equation 8-5 are approximated from the flexibility 
parameters available in FASTSIM. 

 

8.2 Wear coefficients and scaling factors 

The wear coefficients are obtained from a wear chart depending on the pressure and the 
sliding velocity as shown in Figure 8-2.  

 

 
Figure 8-2 Archard wear map for dry conditions. Data from [11]. 
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The jump to the seizure region is at a pressure of p = plimH, were a typical value for plim is 0.9. 

The jump from mild to severe wear and vice versa is at the sliding velocities vlim,lo and vlim,hi. 
Typical values for them are: vlim,lo=0.2 m/s and vlim,hi=0.7 m/s. 

These values may vary somehow depending on the actual conditions. In this study, they have 
been varied in order to find a better solution.  

The wear factors, k, have been determined both by pin-on-disc and disc-on-disc 
measurements in laboratory under dry and room temperature conditions [39]. For that reason 
it is necessary to scale them for real conditions.  

As explained in Section 4.3, the real contact environment between wheel and rail may vary 
due to weather phenomena, man-made lubrication and contamination. All these effects make 
wheel wear prediction a difficult task; not only because the contact environment changes 
along the track and from time to time, but also because many of these parameters are difficult 
to measure. 

So far only limited wear coefficient measurements for lubricated conditions are known and 
further tests are needed. 

By assuming that the effect of lubrication is similar on wheel wear as for rail wear, it is 
possible to estimate how much the wear coefficients have to be lowered on lubricated track by 
looking at the wear rate measurements for rails in lubricated curves. Jendel [23] used results 
from the rail profile measurements performed by Nilsson [32] and made the following 
assumptions: 

• The limits of the wear chart for dry contact environment remain the same for a 
lubricated environment. Thus only the wear coefficient in each region of the wear 
chart is lowered for the contact environment. All regions of the wear chart are lowered 
by the same factor. 

• The wear coefficient values can be treated as average values. 

• If lubrication devices are active, then the values for the wear coefficients are lowest 
for high rails in sharp curves. 

Two different contact environment compensation factors have been used in this study, one for 
lubricated high (outer) rails and one for all other track parts, considering natural lubrication. 
These factors are called flub, for man-made lubrication and fnat for natural lubrication only. 
Man-made lubrication in this network is applied on the outer rails of all curves under 300 m 
radius [38].  

Jendel compared the rail wear rate in lubricated and non-lubricated curves and also performed 
some parametric were: flub=1/11 and fnat=1/5.5. 

Recent tests made by Enblom [11] show lower wear rates, that is to say, lower scaling factors 
for the wear coefficients. The scaling factors are thus reduced as follows: fnat from 1/5.5 to 
1/7; flub from 1/11 to 1/20. Values in between have also been tested in this study in order to try 
to find the best solution for the actual conditions.  In the reference simulation, whose results 
are presented in Chapter 10, the used values are as follows: 
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 Reference simulation, test 1.1 

f lub 1/7 = 0.14 

fnat 1/20 = 0.05 

 
Table 8-1 Scaling factor in the reference simulation 1.1 

8.3 Hardness 

Since no data is available about the material of the present wheels, another source of 
information must be found in order to get an appropriate value for the hardness.  

The value for the wheel hardness, H, is taken from Nilsson’s study (See Figure 8-3). After re-
profiling, the hardness is considered to become the same as for a new wheel (the worn layer is 
removed and the raw material is on the surface again). Moreover, as the figure shows, the 
hardness varies with the mileage but in this wear tool the hardness is considered to be 
constant.  

The measurements chosen as reference correspond to a vehicle which had run 14000 km (see 
Section 10.1) from the latest re-profiling to the date when the measurements were done. For 
that reason an average hardness around 7000 km should be the reference. The graphic starts 
from about 60000 km so the value must be extrapolated. The theory of wear says that the 
hardness for the softer part must be used for the calculations. Consequently the extrapolation 
is assumed for the same linear trend as for the hardness of the tread (dashed line). Thus a 
hardness of 330 HV is chosen. Taking the Vickers hardness times 9.81⋅106 gives H in Pa, so 
finally H = 32400⋅105 Pa for the first simulations. Later a lower value is tested according to 
other data source because the wear seems too low (simulation 1.4, Section 10.2).  

 

 
Figure 8-3 Measured wheel surface hardness, powered X10 vehicle [32]
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9 Wheel profil e updating 

 

This chapter deals with how the total simulated wear distribution is calculated and how the 
wheel profiles are updated, based on the simulated wear distribution.  

In Section 9.1 the wear distributions for each wheel from all contacts of the simulation 
outputs of the simulation are summed up to get a total wear distribution over the wheel 
profile. In Section 9.2 the size of the wear step is determined. Then, the discussion on how the 
wheel profile is updated to the worn shape is presented in Section 9.3. Finally, Section 9.4 
presents the smoothing procedure of the wheel profile applied to provide a physically 
plausible profile. 

9.1 Calculating the total wear distribution 

Each simulation of the simulation set gives output data at a number of time steps of constant 
length, i.e. samples from the simulation. As explained above, one output corresponds to a 
wheel revolution, thus Lsample=2πr0 m. 

A type curve may have an arbitrary length since it is based on the average length of all the 
curves within the interval. The length of the type curve for a certain curve radius interval i is 
denoted by Li. Due to the symmetry conditions, the simulation output data from four wheels 
are used to form the wear distribution, so the total simulated length is Lsim,i = 4Li. 

Sometimes there are more than one simulation performed for each curve radius interval i in 
each wear step, for instance for different rail profiles or different track irregularities. Then the 
number of simulations in interval i is denoted by Ni. Therefore the “real” simulated distance 
for each curve radius interval i is given by the Equation 9-1. “Real” means that the length 
corresponds to the actual running distance of the vehicle. 

isim
sample

iisimreal L
L

r
NL ,

0
,

2π= isimi LN ,⋅=  (9-1) 

The wear distribution from one wheel-rail contact wc(η) is expressed in the local coordinate 
system of the contact surface (ξ-η-ζ) and it is thus defined perpendicular to the wheel profile. 
As there can be more than one contact point simultaneously (if multi-point contact is 
selected), it is convenient to define a wear distribution over the entire wheel profile w(y). This 
wear distribution is the sum of wc(η) for all contact surfaces and for each sample. w(y) is still 
defined perpendicularly to the wheel profile. 

Each simulation has ni numbers of samples according to Equation 9-2. 

sample

i
i L

L
n =  (9-2) 

The wear distribution for each curve radius interval that corresponds to the simulated distance 
Lsimreal,i can now be written as in Equation 9-3, where the outer wheelsets, i.e. 1 and 4 (front 
and rear wheelsets), have been chosen as an example. L and R indicate left and right wheels 
respectively. 
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The next step is to weight the wear distribution wi(y) that corresponds to the simulated 
distance Lsimreal,i with the total track length of each radius interval, that is to say the sum of the 
length of all curves within that curve radius interval, Ltot,i, see Equation 9-4.   
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In  

Table 6-3, weighting factors are given in percentage for the type curves version 1. 

Now the total perpendicular wear distribution wtot(y) can be finally obtained by adding the 
wear distributions from the K number of curve radius intervals, see Equation 9-5. 
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The total track length is obtained according to Equation 9-6:  
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K

i
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The values for the total wear distribution wtot(y) and for the total track length Ltot in each wear 
step are however depending on the size of the wear step. This is explained below. 

9.2 Wear step size 

The size of the wear step has to be limited by a maximum amplitude of wtot,max for any y. 
Otherwise, if the wear step is too long, the predicted wheel profiles might diverge into 
unrealistic, uneven shapes. If, on the other hand, the wear step is too short, the simulation time 
may become a problem. But also the simulated running distance of the vehicle is limited.    

According to Jendel’s study [22] a reasonable value for wtot,max is  0.1*10-3 m perpendicular to 
the wheel profile. 

wtot(y) and the corresponding Ltot are therefore scaled for each wear step so that the scaled 
wear distribution wwearstep(y) always has the maximum value of 0.1*10-3 m, see Equation 9-7 
and Equation 9-8. 
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Some wheel profiles used may produce very distinct two-point contact when it is new or 
slightly worn. For that reason the wear rate is usually very high at the beginning of the wheel 
profile’s life. That can be seen in the results of the simulations.  Therefore a short vehicle 
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running distance is required to obtain a maximum wear depth of 0.1*10-3 m. When the profile 
becomes more worn a longer running distance is needed to reach the same depth. 

Hence it is not suitable to let Lwearstep become too long (if wtot,max is very small) since that wear 
step will, expressed in running distance, be more important as compared to the other wear 
steps. Therefore a limit of 1500 km is set for Lwearstep according to Jendel’s tests. So if Lwearstep 
is longer than 1500 km the wear distribution and the running distance for that wear step will 
be scaled down according to Equation 9-10. 
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yw wearstep
wearstep

wearstep

⋅=  (9-10) 

The scaling procedure is of course such that the running distance is the same for both inner 
and outer wheels.  

9.3 Updating the wheel profile 

wwearstep(y) is thus defined perpendicularly to the wheel profile. By using the contact angle γ 
that the contact surface makes with the wheel profile y-axis, the wear distribution from each 
wheel-rail contact wc(y) can be calculated. The contact angle γ is constant for all η (and y) 
within a contact surface. 

The wear depth for each y in wwearstep(y) consists of wear depths calculated by many different 
local contact angles γ. When updating the wheel profile, the wheel profile angle Γ(y) is 
instead used since it continuously varies over the profile.  

As presented in Figure 9-1, a certain y-z coordinate of the wheel profile is moved δy and δz to 
the updated location based on the wheel profile contact Γ(y) and the wear depth distribution 
wwearstep(y), defined perpendicularly to the profile. 

 

wwearstep(y)

 
Figure 9-1 Updating of the wheel profile [22] 

 

The new coordinates for the updated wheel profile are then defined by: 
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The final step is to interpolate the new profile coordinates so that they become laterally 
equidistant again. 

9.4 Smoothing 

Since the parameter set is a discretization of the real network, it is unavoidable that the 
simulated wheel profiles are not as smooth as the real ones. In order to provide physically 
plausible wheel profiles, smoothing effect must be applied. 

Furthermore another reason why the wheel profiles need to be smoothed is that the wheel-rail 
contact geometry in the pre-processor can fail and produce numerical errors during 
integration. 

Smoothing is thus applied at the end of each wear step. The best results have been achieved 
by smoothing the wear distribution wwearstep(y) first, followed by updating the wheel profile 
and finally smoothing the updated wheel profile [22]. 

A smoothing factor (to make the profile smooth in order to avoid integration errors) between 
0.01 and 10 must be used in the present tool according to Enblom. Several different values 
have been tested in this study and finally a factor of 0.2 has been chosen as more appropriated 
in most of the simulations. 
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10  Parametric studies 

 

Once the model has all the necessary elements for simulating wear, the model can be tested 
for wear calculations. 

Several tests are carried out starting from the simplest settings. The key factor for this kind of 
simulations is the simulation time. Thus the model has to be tested in the beginning with 
simple elements in order to find a simple solution with good results. 

For the first attempts neither braking nor acceleration were considered. Even the track 
irregularities were not taken into consideration.  

In the preliminary tests, constraint one-point contact was used together with s-constant 
profiles (see Section 7.2). Consequently, the results showed too deep wear accumulated in a 
very small area near the flange. That was due to narrow curves in the curve definition together 
with non-realistic distribution of the contacts. In order to find a better distribution, track 
irregularities were necessary because they spread out the wear across the profile.  

The problem of very time consuming simulations came when s-variable profile was needed 
instead of s-constant. 

The track irregularities used in the study are taken from real data of the network, as explained 
in Section 6.2. When they were included in the model, the simulation “crashed” at some 
points during the simulation and it made the program stop the integration. Then, the recently 
introduced s-variable profiles were tested. New profiles from raw data were created in this 
format. Thus the problem of integration was solved, but with a new handicap: the time. The 
simulations started to be approximately 3 times slower (that is with track irregularities 
together with s-variable profiles). 

The reason for the discontinuity problems could be due to the differences between s-constant 
and s-variable profiles, already presented in Section 7.2. 

When there is a wheel lateral displacement on the rail, for instance in a curve, the contact 
point moves across the wheel profile. In the case of s-constant profile the contact is calculated 
as quasi-elastic and with table evaluation for the tread in contrast to the flange that is 
calculated as rigid with online evaluation. If, during the jump from tread to flange, the value 
for the wheel contact position does not coincide for both methods, it may lead to problems 
into the integration algorithm. An example of that is presented in Figure 10-1. The green line 
represents the evolution of wheel lateral coordinate versus the wheel lateral shift for rigid 
contact. The red one represents the same for quasi-elastic contact. If the contact jumps from 
rigid to quasi-elastic method at the points highlighted in the zoom, the values are too different.   

That is the reason why the s-variable profiles solved the problem of discontinuity despite of 
increasing the simulation time. 

From now on only the results for the latest simulations, the most complicated ones, are 
presented. Simpler simulations are not reported because they do not give any interesting result 
and the reached mileage was not representative. 

The examples below show the process of varying the parameters in order to obtain results 
more similar to the measurements. 
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Figure 10-1 Jump from rigid contact to quasi-elastic contact 

 

10.1 Reference vehicle and mileage 

Profile measurements were available for all the wheels for several A32 cars. The cars of the 
line are numbered from 401 to 421. The data given by SL also contained data about when the 
wheels were re-profiled during their life [38].  

The data sheets had registered the kilometres run by the vehicle since it started to work until 
the wheels were re-profiled. They also had registered the kilometres run by the vehicle when 
the wheel wear measurements were performed. The data sheets from the Miniprof 
measurements also contained the date of the measurements. A simple subtraction gives the 
mileage run by the vehicle between the re-profiling and the wear measurements. Thus the 
vehicle chosen as reference for the study was the 401 because it was the one with lower 
mileage. The reason is because that makes the simulations shorter. 

The wheels of vehicle 401 were re-profiled on 12th August 2003 with 248498 km and the 
measurements were performed on 8th December 2003 with 262485 km. Consequently, the 
mileage for this car to be simulated is 262485-248498=13987 km ≈ 14000 km. 

Since the symmetry condition has been considered for the simulations (see Section 6.2), the 
wear is the same for right and left wheels and for front and rear wheels respectively (the 
contribution is summed). Thus only three different resulting worn profiles are obtained: one 
for the front wheelset, one for the second wheelset and one for the wheels of the middle car.  

The middle car wheels are independent (they are not joined by an axle and they must be 
studied more carefully. What is more, the wear prediction tool only permits to calculate wear 
on four wheels at the same simulation, so the independent wheels are not considered in this 
study. Future studies on this vehicle should consider those wheels. 

Since the symmetry is applied to the results, only right-hand curves are simulated. The results 
are presented for the wheels of the leading bogie, which is the one that suffers more in the 
curve. Figure 10-2 shows the material removal measured normal to the wheel surface (radial) 

Discontinuity 
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on the left front wheel of the 401 for 14000 km running distance. That is the reference 
resulting wear which the results from simulations are compared to.  

 
Figure 10-2 Measured radial material removal for car 401, left front wheel and nominal wheel profile. 

 

In the same figure the nominal wheel profile of that wheel is superimposed. That helps to see 
where the maximum and the minimum wear are produced on the wheel profile.  

According to the figure, the maximum wear is produced close to the flange and it decreases 
more or less evenly towards the outer part of the wheel. 

10.2 Simulations with type curves 1 

Simulation 1.1, reference settings 

The first results correspond to a simulation with the settings already presented in Section 6, 
the reference settings. The type curves used are Curves type 1.  

Table 10-1 shows the inputs for simulation 1.1.The rest of the input parameters have already 
been summarized in Table 6-2 and Table 6-3 (Type curve inputs), Table 6-6 (Track 
irregularities) and Table 6-8 (Rail profiles). “Left” in figure means outer (high) rail. 
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Name Wear distance factor (%) 
µleft 

(outer) 

µright 

(inner)  
 Scaling 

factor left  
Scaling factor 

right 

A32_R35 8.54 0.25 0.35 1/20 1/7 

A32_R79 8.82 0.25 0.35 1/20 1/7 

A32_R143 20.36 0.25 0.35 1/20 1/7 

A32_R237 7.35 0.25 0.35 1/20 1/7 

A32_R325 11.8 0.35 0.35 1/7 1/7 

A32_R701 10.88 0.35 0.35 1/7 1/7 

A32_R1727 10.44 0.35 0.35 1/7 1/7 

A32_Straight 21.81 0.35 0.35 1/7 1/7 

 
Table 10-1 Curve input for simulation 1.1 

 

Additionally, braking is applied only to the straight track with a rate of 0.8 m/s2. See Figure 
10-3 for the speed profile of each curve. 

Wheelset 1 left wheel longitudinal speed. Straight track with braking rate 0.8 m/s2
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Figure 10-3 Speed profiles for the tracks in simulation 1.1 

 

The wear factors are chosen as follows: 
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Figure 10-4 Wear chart with values for simulation 1.1 

 

Figure 10-5 shows the resulting scaled and accumulated radial material removal for this 
simulation. Scaled means that the wear scaling factors of each curve have been applied after 
each step, and accumulated means that the total scaled wear of each step is summed to the 
wear of the previous step. Remember that a wear step is a set of eight representative curves in 
this case. 

Scaled and accumulated normal material removal
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Figure 10-5 Scaled and accumulated radial material removal, simulation 1.1 

 

Mild 
wear 

Mild 
wear 

Seizure wear 

Severe wear 

plim     = 0.9; 
vlim,lo   = 0.3 m/s; 
vlim,hi  = 0.7 m/s; 
H       =330 V≈ 3.24⋅109 Pa 
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As can be seen, after the second step the depth at the flange starts to be very sharp. It 
increases for the next steps. That can also be seen in the accumulated distance table in Table 
10-2. 

 
Table 10-2 Accumulated simulation distance in simulation 1.1 

 

In the first step the maximum distance per step, 1500 km, is reached. However the 
accumulated distance does not increase much for the next steps. That is explained by the 
scaling factors which become lower to compensate the maximum depth. This maximum depth 
is produced close to the flange. That is correct according to Figure 10-2, but the rest of the 
wear is too small.  

From the second step a process of “digging” makes the simulation distance in each step 
decrease more and more and the desired mileage, 14000 km, is never reached in a reasonable 
time. Results for later steps have been checked but the wear shape did not improve. The wear 
must be more extended to the tread and to the middle zone. 

As seen in Figure 10-6, most of the flange wear is produced in the narrow curve of 35 m. The 
reason for that is the high lateral displacement of the wheels produced due to the required 
rolling radius difference between right and left wheel to negotiate such a narrow curve. High 
creep forces are then generated by the steering resistance. The contact patch at the flange is 
narrow due to the profile geometry. Such a narrow contact leads to high pressure and thus, 
according to Equation 8-2, to high material removal. 
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Weighted normal material removal, first step
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Figure 10-6 Wear contribution of each curve of the first wear step, simulation 1.1 

 

Perhaps the contact pressure is so high that the plimH is overcome and the seizure 
(catastrophic) wear region is reached. In the seizure region the wear factor k1 is applied, and 
consequently it leads to a hundred times higher wear than if mild wear, k2, were considered.  

In order to study the region of the wear map where the wear is being calculated, a new output 
has been added to the simulation, the maximum pressure at the contact at every integration 
step. It is however sufficient for detecting if the catastrophic region is being reached. Figure 
10-7 shows the results. The graphics show eight lines (corresponding to eight curves) per 
wear step. 



 

93 
 

Maximum contact pressure
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Figure 10-7 Maximum contact pressure for each curve for five steps of simulation 1.1, leading wheelset 

 

According to the chosen values for H and plim, the catastrophic region starts for p=plim·H ≈ 
3000 MPa. A red line in the figure indicates the limit above which the pressure is higher than 
plim·H. As shown, the seizure region is overcome from the second step (second time that the 
set of curves is simulated) for the case of the 35m radius curve, from the third step for the 
79m radius curve and even for the case of 143m radius curve from the fourth step. After that 
the pressure does not increase so much but it remains in the seizure wear region the following 
steps which is “cathastrophic” in terms of wear. In those narrow curves the lateral 
displacement is higher and the contact is mainly at the flange. That is why the maximum wear 
is on the flange. 

Also the sliding velocity at the contact is important to understand the wear mechanism active 
in the simulation according to the wear chart (Figure 8-2). For that reason this parameter has 
been added as output for this simulation as well. The results are shown in Figure 10-8. 

 

CATASTROPHIC WEAR 

Consecutive integration outputs 
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Sliding velocity, step 1 
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Figure 10-8 Maximum sliding velocity versus integration output steps for the eight curves, simulation 1.1 

 

Only the results for the first wear step are represented because similar results are obtained for 
next steps. That means that the sliding velocity has small variation from step to step. 

Since vlim,lo = 0.3 m/s, the dots above this line indicate that the severe wear region, k3, is active 
(if the contact pressure is below plim·H). The maximum sliding velocity is produced at the 
front left wheel and at the right rear wheel according to Figure 10-8 which is in accordance 
with the dynamics theory. Moreover only the first three curves with lower radii produce such 
high values. Previous simulations where performed with vlim,lo = 0.2 m/s and some 
improvement was found for 0.3 m/s so this was set as default. However, few dots are above 
the limit and results from some other simulations carried out indicate that that does not have 
significant influence. 

Both the contact pressure and the sliding velocity depend mainly on the dynamic behaviour of 
the vehicle and on the contact forces calculated according to Hertz’s contact theory.  
According to the model validation of the vehicle (Section 3), the dynamic response seems to 
be correct. 

Several simulations with different values of the friction coefficient have been performed and 
no big differences have been found. This must be understood because this parameter does not 
affect directly the wear equation but the dynamic behaviour and longitudinal creep forces (See 
Section 7.2).  

Consequently the main changes should be performed on the parameters of the wear model, 
that is to say the parameters of Equation 8-2. That includes the coefficients defining the 
different regions of the wear chart (Figure 8-2). In view of that, other simulations with 
different settings have been performed. The most interesting results are presented below. 

Simulation 1.2 

As the main cause of excessive wear seems to be the seizure wear region, a simple test has 
been made: disabling that region. That has been done by increasing plim so much that the 
maximum pressure found in previous simulations is not reached. According to Figure 10-7, 

SEVERE OR CATASTROPHIC WEAR 
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plim·H=5000 MPa seems enough to avoid that type of wear, then plim = 1.5 is tested. The rest 
of parameters are kept the same, see also Table 10-2. 

 

 Sim.  1.1 Sim. 1.2  

plim 0.9 1.5 

 
Table 10-3 Difference between simulation 1.1 and 1.2.  

 

The results for wear distribution and simulation distance are shown in Figure 10-9 and Table 
10-4 respectively. 

Scaled and accumulated normal material removal.
Case 1.1 VS 1.2 for similar mileage, 
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Figure 10-9 Scaled and accumulated normal material removal, simulation 1.2 

 

 
Table 10-4 Accumulated simulation distance, simulation 1.2 

 

The same number of wear steps has been represented. However, the total simulated distance 
in this case is 6496 km in contrast to 1864 km in the previous simulation. The reason is that 
the wear per step now is lower and that leads to longer wear step distance according to the 
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wear step size presented in Section 9.2. Now the maximum simulation distance per step, 1500 
km, is reached in every step until the fifth step. 

The wear on the flange typically starts with a kind of “groove” that gradually moves to the 
left. That behaviour can be seen in Figure 10-9, where the deeper peak of wear is moving to 
the left after each step. On the other hand the tread wear is accumulated at about the same part 
of the profile. It is interesting to note the low wear produced in the middle part, between 10 
and 25 mm. That distribution does not match the one in the measured profile with a more 
evenly distributed wear along the profile. The proportion between flange wear and tread wear 
is neither good enough. Now the peak at the flange is too short. 

Simulation 1.3 

A new simulation with some variations with respect simulation 1.1 has been performed. The 
only changes are the following: 

 Sim. 1.1 Sim. 1.3  

k1 350.00E-04 175.00E-04 

plim 0.9 1 

 
Table 10-5 Differences between simulation 1.1 and 1.3 

 

Instead of increasing plim so much, a lower value of k1 has been tested. Increasing plim means 
that the seizure region is more difficult to reach, however reducing k1 means that if the seizure 
region is reached the wear is less drastic. These studies demonstrate that the jump in wear 
coefficient from mild wear to seizure wear is in some cases lower than the jump shown in 
Figure 8-2. 

The problem of the seizure wear mechanism is that it is very difficult to emulate in laboratory 
conditions. That makes it difficult to find correct coefficients and it is even more difficult to 
study the effect of actual ambient conditions. 

The resulting wear for this test is compared to the results of the simulation 1.1 and 1.2 for the 
same simulation distance: 1800km. The results are presented in Figure 10-10. 

The results are interesting because the effect of reducing k1 not only lower the peak at the 
flange but also increases the peak at the tread and the wear in the middle. That is because the 
wear is scaled in different way according to the maximum wear and distance per step (see 
Section 9.3). That makes it difficult to predict exactly what would happen even if only one 
single parameter is changed. 

Table 10-6 gives information about the number of steps that are necessary until the simulation 
reaches 1800 km. With the default contact (Sim. 1.1) settings, one step (eight curves) of 
simulation takes around 4 hours. 
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Scaled and accumulated normal material removal

Test 1.1, 1.2 & 1.3. Simulated distance 1800 km. 
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Figure 10-10 Resulting wear for simulations 1.1, 1.2 and 1.3 for a distance of 1800 km 

 

 Sim. 1.1 Sim. 1.2 Sim. 1.3 

Number of steps for 1800 km simulation 4 1* 2 

Simulation time** 16h 4h 5h 

(*) It takes a bit longer than one step to reach 1800 km, since in one step it reaches 1500 km. This graphic is only 
available at the end of every step. 

(**) Computer hardware: AMD 1.6 GHz Processor, 2GB RAM, Win XP 32 bits. 

Table 10-6 Number of steps until 1800 km are reached and Simulation time 
 

A longer simulation with 16 steps (~64 h) has also been performed with the same settings 
(Sim. 1.3). The corresponding simulation distance is only 5767 km. The average distance per 
step from the fifth step was 150 km, which is too short distance if 14000 km are desired. But 
the problem is not only the excessive number of steps but also that the accumulated wear is 
still too low. The distance corresponds to one third of the desired mileage, however the 
maximum wear both at the flange and at the tread are lower than one third of the maximum 
wear of the measurements. Therefore, higher rate of material removal is necessary in order to 
match the measurements.  
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Simulation 1.4 

The calibration of the wear chart coefficients has been tried and non-acceptable results have 
been obtained, thus another parameter affecting the wear model has been checked: the 
hardness, H. 

The original value was taken from Nilsson’s study [32] as it is explained in Section 8.3. 
However, according to the results above the value could be too high. A lower hardness would 
lead to more wear (see Equation 8-2), so a better result could be obtained. 

A lower hardness has been found in a different data source. That means that the value 
extrapolated from Nilsson’s graphics (Figure 8-3) could be inappropriate. Another data base 
was consulted instead, the UIC Standard [33]. It is accessible through the web service called 
NormMaster, available from Bombardier. The UIC Standard contains data for typical 
materials used in the railway business. According to this, steel of class B3 is typically used for 
the wheels of railway vehicles. The tensile strength of that material is Rm ≈ 800 N/mm2 (see 
Table 10-7). From this information it is possible to find the equivalent hardness by using a 
tensile strength to hardness conversion chart as in Table 10-8. The units in the chart are kpsi 
(1 N/mm2=145,038 psi) so 800 N/mm2=116 kpsi; from the chart it gives 235 HV (Vickers). 

 

 
Table 10-7 Table of steel properties [33] 

 

 
Table 10-8 Tensile strength to hardness conversion chart [18] 
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Since the wear is still low, the wear coefficients k2 and k3 are increased a bit as well. 
Moreover the pressure limit is increased as in Sim.1.2. Table 10-9 shows the changes carried 
out with respect to Sim. 1.1. 

 

 Sim. 1.1 Sim. 1.4 

k2 4.0E-04 6.0E-04 

k3 35E-04 40.0E-04 

plim 0.9 1.5 

H(HV)  330 235 

 
Table 10-9 Differences between simulation 1.1 and 1.4 

 

In this case the total mileage, 14000 km, is reached in 16 steps, which took around 64h. The 
evolution of the simulation distance is shown in Table 10-10. In this case the evolution is 
acceptable, being on average around 850 km per step and the wear evolution is quite regular. 
It indicates that the effect of “digging” at the flange has disappeared.  

 

 
Table 10-10 All simulation distance, simulation 1.4 (14000 km) 

 

The accumulated material removal on the wheels of the leading wheelsets is compared to the 
measured wear on the front left wheel in Figure 10-11. The result matches quite well the 
shape of the measurements although the total wear is still little low and the inner part between 
tread and flange is not wearing according to the measurements. 
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Figure 10-11 Sim. 1.4 versus measurements, total material removal 

 

Simulation 1.5 

As presented in Section 8.2, the wear map factors are calculated for dry conditions and scaling 
factors are needed in order to emulate the real conditions. The scaling factors used in the 
reference simulation 1.1 may be too small and that may be the reason for such low wear. In 
this simulation higher values for those factors are tested. The rest of the parameters are left as 
in Sim. 1.4. (See Table 10-11). 

 

 Sim. 1.1 to 1.4 Sim. 1.5 

f lub 1/7 = 0.14 0.25 

fnat 1/20 = 0.05 0.09 

 
Table 10-11 Differences between simulations 1.4 and 1.5 

 

With these settings the simulation took 58 wear steps until it reached the final mileage, 14000 
km. It means around 232 h, 9 days of simulation, which is too much. The average simulation 
distance per step is only about 241 km. This is due to the scaling process after each step. 
Since the ambient factors are increased, the total wear also raises and the maximum wear per 
step is reached. Then the total wear is scaled down as explained in Section 9.3 and the running 
distance per step is reduced. 

The results of the accumulated material removal are shown in Figure 10-12 versus the 
measurements. 
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Figure 10-12 Sim. 1.5 versus measurements, total material removal 

 

As can be seen, the wear distribution is worse than before and several peaks appear now due 
to the new scaling factors. One improvement is that the middle part is more worn now, but not 
in the desired way. 

10.3 Simulations with type curves 2 

Several tests have been performed with type curves 1 and the best results have been obtained 
for the simulation 1.4. However the results should be improved somehow. The main problem 
is that the wear distribution in the middle part is too low in contrast to the wear at the flange 
and the tread. For that reason a new class of curves has been tested.  

When predicting wear, always the narrower curves have higher influence on the total wear. 
That is why in type curves 1 the chosen intervals are [0-50, 50-100, 100-200, 200-300, 300-
500, 500-1000, 1000-3000, >3000], with more intervals for smaller curve radii. 

In narrow curves more wear is produced at the flange because it requires higher difference in 
rolling radius between right and left wheels to negotiate the curve. Then medium radius 
curves are supposed to produce more wear in the middle. Since the middle part of the profile 
is where the obtained wear is too low, maybe the medium radius curves have been 
underestimated before. One way to equally estimate the curves with different radii is to find a 
distribution with similar total track length per interval: e.g. curves with radius between 100 m 
and 200 m (first interval) and curves between 200 m and 250 m (second interval) have a 
summed track length in the real network of 1 km for both of them. 

By means of a MATLAB programme made for this purpose, the curve distribution has been 
studied for different intervals and the case of Figure 10-13 is the best distributed as regards 
the track length. 
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Figure 10-13 Type curves 2, radius intervals 

 

Those intervals are chosen and all the new settings are calculated in the same way as it was 
done in Section 6.2 for the reference curves. Then a summary of the new simulation set is 
shown in Table 10-12. These are the best results obtained after many other simulations. 

 

Radius interval 
(m) 

Rm 
(m) 

Rail 
profile 

Coefficient of 
friction v 

(m/s) L tot  
Distance 

factor 
Outer Inner 

0-90 53 10610 0.15 0.35 5.44 147 0.154 
90-150 115 10610 0.15 0.35 9.73 162.7 0.1195 
150-240 174 2970 0.15 0.35 13.29 178.6 0.1349 
240-320 285 2970 0.15 0.35 13.89 189.5 0.1058 
320-700 427 2220 0.35 0.35 13.89 203.6 0.0847 
700-1200 861 10450 0.35 0.35 13.89 188.4 0.1207 

1200-8000 3175 10450 0.35 0.35 13.89 205.6 0.0792 
> 8000 0 Nominal 0.35 0.35 13.89 260 0.2013 

 
Table 10-12 Simulation set for type curves 2 

 

The used values for the wear chart coefficients are as follows: 

 

 
Figure 10-14 Wear chart with values for simulation 2.1 

 

 

 

plim =0.8 (simulation 2.1); 
 =1.5 (simulation 2.2); 
vlim,lo  =0.2 m/s; 
vlim,hi =0.7 m/s; 
H =330 V≈ 3.24⋅109 Pa 
 

k3=3.5·10-3 

k1=17·10-3 

k1=1
·10-3 

k1=1.7
·10-3 
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Braking is applied to the second half of curves R860, R3174 and the straight track with a rate 
of 0.8 m/s2 [38] (as in previous simulations). 

Many simulations have been carried out with these new curves with single changes. However 
the best results obtained are shown in Table 10-13 and Figure 10-15. 

 

 Simulation distance (km) #Steps  Time (h) 
Average simulation  

distance per step (km) 

Sim.  2.1 14000 10 40 1400 

Sim.  2.2 14000 22 88 636 

 
Table 10-13 Simulation steps and simulation time, Sim. 2.1 and 2.2 

 

 
Figure 10-15 Total radial material removal sim. 2.1 and 2.2 versus measurements 

 

The only difference between sim. 2.1 and 2.2 are that on the latter the seizure region is 
disabled by increasing the plim explained in the simulations of type curves 1. The results are 
not so different, just the peaks on the flange are a bit deeper for the first case. However when 
increasing plim the simulation time and the number of steps necessary to reach the mileage are 
drastically increased. 

Now two peaks of wear appear at the flange instead of only one that is obtained in most cases 
of type curves 1. That still does not match the measurements since the wear should be more 
evenly distributed. What is more, in this case the tread wear and the wear of the middle part 
are lower than in previous tests so consequently no better results are obtained with this new 
simulation set.  
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10.4 Study on the effect of traction 

Another important factor that must be taken into account in the simulations is both traction 
and braking. In most of the simulations above braking has been considered at the end of the 
straight track or wide curves. That is so because, according to the track data, most of the 
stations are located in straight track parts, and braking has only been considered to occur 
before stopping the vehicle at the stations. 

In reality braking and traction occur all the time during simulations because the speed control 
system brakes and accelerates the vehicle at any time in order to maintain a constant speed. 
That is in accordance with the actual vehicle behaviour.   

Traction in wide curves or straight track has similar influence on the results. That is the reason 
why only braking has been included in simulations with type curves 1 and 2. 

When the vehicle runs on straight track the contact is produced around the running tread. As 
soon as the vehicle runs on a curve the contact of the outer wheels moves towards the flange; 
the narrower the curve the closer to the flange the contact is. As the obtained wear in between 
tread and flange is too low the vehicle has been tested for traction in wide curves. It is 
believed that perhaps the vehicle accelerates or brakes more in wide curves in reality and that 
was the reason for such low wear in the results of the simulations. Traction and braking rises 
the sliding in the contact and consequently the wear. 

In order to study the influence on wear of traction at wide curves, a test has been performed. 
The simulation is carried out with only one wear step. The simulation set is now only the 
curve R427 (see Table 10-12) repeated five times with acceleration at different points of the 
running distance. As it was introduced in Section 2.2, the acceleration starts at t_tract1 and 
ends at t_tract2. Seven seconds of acceleration at a rate of 0.8 m/s2 have been activated 
starting at different time in the same curve. The main input data for the simulation are shown 
in Table 10-14.  

 

 
t_tract1(s) 

 (Accelerating starting time)  

t_tract2 (s) 

(Accelerating ending time)  

Acceleration case 1 1 7 

Acceleration case 2 3 9 

Acceleration case 3 5 11 

Acceleration case 4 7 13 

Acceleration case 5 9 15 

 
Table 10-14 Inputs for simulation of the effect of traction 

 

Figure 10-16 below shows the speed profile of the five simulations and the results for the 
maximum contact pressure and wheel lateral position. 
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The small oscillations in the lateral position are due to the track irregularities. However, also 
an increase and decrease of the lateral position is produced along the curve. The maximum 
lateral displacement is at half the distance (6 to 8 seconds) and the minimum one both at the 
beginning and at the end. That is because the curve starts with a straight part, the curvature 
decreases linearly and after the circular part the curvature increases again. Table 10-15 
summarizes the parameters defining the curve according to the method explained in Section 
6.2.    
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Figure 10-16 Contact results of the simulation “Study on the effect of traction” 
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Name R (m) u (m) Lt (m) Lcirc (m) Ltot 
A32_R427 427 0.07 32.09 79.40 173.58 

 
Table 10-15 Data for curve R427 

 

The lateral displacement at the end of the curve is higher when traction is applied later, and 
thus the wear is produced more on the flange. On the other hand, if traction is applied sooner, 
more wear is produced in the middle part. Figure 10-17 shows the wear distribution for the 
five cases.  

 
Figure 10-17 Wear distribution depending on when traction is applied on curve R427 

 

The conclusion is then that traction does not have large influence on the wear of the central 
part of the profile as it was desired, so no improvement is achieved on the results with traction 
on wide curves. 

10.5 Study of the contact match 

When the wheel displaces laterally, the contact occurs at a different point depending on the 
displacement, which is measured with the lateral coordinate y. The contact point also depends 
on the yaw angle and the roll angle. The function that defines which point of the wheel would 
be in wheelset contact with the rail at any y is pre-calculated during simulations.  

SIMPACK has a function called Control 2D-Plots which permits to visualize the functions 
that the program would calculate in the pre-processor. Then the contacts for different lateral 
displacements can be shown in a plot. The only inputs for the function are the yaw angle and 
the roll angle. 

As the present results show low wear at the middle zone between tread and flange, a simple 
view of the possible contacts could explain the problem.  

The rail inclination in the network is 1:40 so the wheelset roll angle is approximately 1.4 
degrees. That is so because 025.040/1 ==αtg , then 4.1≈α º. That is the input shown in 
Figure 10-18. 
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Figure 10-19 and Figure 10-20 show the lines representing the possible contacts between 
nominal wheel and rail and between worn wheel and nominal rail respectively for elastic 
contact. The nominal rail profile is the one used in the straight track. The plots show that most 
of the lines are accumulated either at the tread or at the flange. There are few lines (possible 
contacts) in the middle. Moreover, the same plot has been checked for worn rail profiles and 
similar results have been obtained. 

Then it can be concluded that the contacts are not uniformly distributed along the profile and 
most of the time it is jumping from flange to tread and vice versa. 

 

 
Figure 10-18 Inputs for profile checking plot 

 

 
Figure 10-19 Wheel-rail contact match for wheel lateral displacement between -25mm to +10mm with 

respect to the running tread. Original wheel and rail profiles. 
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Figure 10-20 Wheel-rail contact match for wheel lateral displacement between -25mm to +10mm with 

respect to the running tread. Worn wheel profile after 14000km and nominal rail profil
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11 Final results 

 

After all tests, the best obtained results are presented in this section. They correspond to 
simulation 1.4, which shows quite good distribution of wear in relation to the measurements. 
Figure 11-1 and Figure 11-2 show the resulting wear for both types of wheels. Since 
symmetry is considered in the calculation of wear, there are only two types of wheels: the 
wheels of the ending wheelsets (W1L, W1R, W6L and W6R) and the wheels of the second 
and the fifth wheelsets (W2L, W2R, W5L and W5R). In conclusion, the wear obtained for the 
flange is approximately 2/3 of the measured one. For the tread it is about 1/2 of the 
measurements and for the middle part it is around 1/4. 

 

 
Figure 11-1 Simulated wear versus measured wear, wheel 1L, 1R, 6L and 6R 
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Figure 11-2 Simulated wear versus measured wear, wheel 2L, 2R, 5L and 5R 
 
Figure 11-3 shows the nominal unworn profile together with the resulting worn profile for the 
simulations and the measurements. 
 

 
Figure 11-3 Nominal profiles, simulated and  measured profile after 14000 km 

 

The simulated wear distribution looks quite similar to measurements for y = 0.03 to 0.04 and 
for y<0.005. In between the wear from simulations is not deep enough. 
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12  Conclusions and further work 

 

Many simulation tests have been carried out and the main factors affecting the wear results 
have been deeply studied. However, the results should still be improved somehow if the tool 
is to be used for predicting wear in the light rail area. The results show too low wear in 
between the flange and the tread and the wear rate is a bit low as well.  

According to the measurements the vehicle has an almost evenly distributed wear along the 
profile (Figure 7-6). This is not common, at least not for most of the previous applications for 
which this wear tool has been used. For example, in Figure 1-1 and Figure 1-2 the results of 
wear for a similar mileage in a commuter train in Stockholm are shown. According to them 
the wear is mainly produced at the flange, and is not so uniformly distributed along the profile 
as it is in the vehicle of this study. Therefore, the case of study seems to be a special case. 

The reason for such a different distribution could be that this vehicle runs in an urban line, 
stopping and starting very often and running through very narrow curves, in contrast to the 
previous studies on vehicles for which the speed is more uniform and the track curvature is 
less tight with radii down to approximately 300 m.  

Regarding the simulation time, many elements have been included in the parameter set in 
order to better emulate the real conditions of the vehicle. As explained in Chapter 10, when 
the track irregularities were included the rail profiles had to be changed to s-variable, which 
made the simulations much slower. Such time-consuming simulations make it difficult to 
study the influence of single parameter changes, since in most cases that changes would be 
noticed after long distances. 

Not only the simulation set with a lot of parameters but also the vehicle model is quite 
complicated in this case of study. For example, the independent wheels, the resilient wheels, 
the friction plates joining the bodies and the speed control system that has been included for 
this purpose are elements which make the model of the vehicle more complicated than 
previous models used with this wear prediction tool.  

One of the elements included in the parameter set is the worn rails. Five different worn rails 
similar to the simulated type curves were available as explained in Section 6.2. If the 
simulations were not so time-consuming, it could be possible to include different rails for the 
same type curve instead of only one. That would lead to more curves per step. 

One of the most important aspects affecting the wear results is the wear map (see Chapter 8). 
In Archard’s wear model the worn off material is dependent on the wear coefficients of the 
wear map which depend on sliding speed and contact pressure. These coefficients correspond 
to the different wear mechanisms: mild, severe and seizure. The reference sliding velocity and 
pressure which define the jump from one mechanism to another is a tricky decision that also 
depends on many variables difficult to account for. In the present study the wheels seem to be 
subjected to higher pressure than usual at the flange part, and according to the Archard’s wear 
map that leads to excessive wear (seizure wear mechanism). A more accurate wear map and 
more studies on those coefficients would be necessary to give a more realistic distribution of 
wheel wear in this vehicle.  

Moreover, the wear coefficients are calculated for dry conditions. They must be scaled to the 
actual environmental conditions of the network. Different factors have been tested and the 
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best solution is presented in Chapter 10, however future studies could give more appropriate 
values for the Stockholm conditions and improve the results. 

The material hardness, H, is another parameter used in Archard’s formula which is not easy 
to measure either. An average value is considered in this study but, according to several 
studies, this can vary with the rolling distance and also from one point of the profile to 
another. What is more, no data about hardness of the wheels of this vehicle were available so 
other values from literature have been used. A more precise value specifically for this vehicle 
could help to find better results.  

Another important factor in wear simulations is the wheel/rail contact model. In this study an 
elliptic contact patch according to Hertz’s theory has been chosen (Section 7.2) for simplicity 
and because most previous studies gave good results with this. However it could be 
appropriate for further studies to study the effect of a non-elliptic contact on the results. That 
would increase the simulation time but would give more accurate distribution of pressure at 
the contact and then a more realistic wear distribution. 

On the other hand, future studies on this vehicle should also include the independent wheels 
of the trailer bogie in the simulations. They have not been included in this study because the 
wear prediction tool only permits to consider four wheels at the same time. They could have 
been tested later, but it was thought that better results should be obtained for the standard 
wheels first. 
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B Appendix: Some basics of railway vehicl  es 

 

This chapter gives a brief introduction of the main knowledge on railway vehicles that is 
necessary to understand the present work. The main parts and the main systems of the vehicle 
are here presented. 

Railway vehicles consist of two main parts: 

- Carbody. Its function is to carry the payload, i.e. passengers or goods. The carbody 
should also protect the payload and provide comfort to the passengers. 

- Running gear. It is the part which supports the carbody as well as guide, brake and, 
for a tractive vehicle, drive it. 

Normally, the running gear is presented as a bogie (see Figure B-1). This bogie consists of 
one or more wheelsets, a framework, a primary suspension and a secondary suspension. 

 

 
Figure B-1 Bogie vehicle with two axled bogies [1] 

 

Wheelset 

The wheelset is a main component in a railway vehicle and consists of a pair of wheels rolling 
on the rails [1]. Normally the two wheels are connected by a stiff axle so that they turn 
simultaneously. 

The wheel profile has two different parts: the tread and the flange. The flange is the inside 
part and prevents the wheel becoming derailed. The tread is the conical part. The part of the 
tread which corresponds to the rolling circle is called running tread. The nominal wheel 
diameter refers to this circle. 

Due to the conical tread, the rolling circle radius increases as the wheel-rail contact point 
approaches the flange. It mainly occurs for the outer wheel in curves; while the outer wheel is 
increasing its radius the inner one is decreasing. It makes the two wheels run with different 
linear speed that produces a self-steering capability, affecting the vehicle stability and curving 
performance. 
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Figure B-2 Conventional wheelset (measures in mm) [1] 

 

Figure B-2 shows the main parts and measures present in a wheelset. The following are 
typical values for these measures, for standard gauge (2b0=1435 mm) [1]: 

- Flange thickness tf =32.5 mm (new wheels) 

- Flange height hf =28 mm (new wheels) 

- Wheel inside gauge 2ba =1360 mm 

- Running tread position bo =750 mm 

- Axle–box distance 2bl =2000 mm 

Details about the wheel-rail contact and the consequences of this contact on the wheel profile 
change are presented in Chapter 7. 

Bogie 

A detailed drawing with the main parts of a two-axled bogie is shown in Figure B-3. 

The primary suspension connects the wheelsets with the bogie frame. The secondary 
suspension connects the bogie frame to the carbody.  In the example, rubber+coil springs are 
used for the primary suspension and air springs in the secondary suspension. Different types 
of suspension may be found. For more information see [1]. 
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1   Airspring, support for carbody 7   Wheelset 
2   Bogie frame 8   Primary suspension (rubber+coil springs) 
3   Traction rod 9   Axle-box damper 
4   Vertical damper 10  Disc brake 
5   Yaw damper 11  Traction motor 
6   Anti-roll bar 12   Traction gear 
Figure B-3 Bogie example from Bombardier Transportation 

 

Depending on the horizontal stiffness of the primary suspension the vehicle has different 
behaviour regarding curving performance.  

- A stiff bogie has almost only vertical suspension. The horizontal motions of the 
wheelsets relative to the bogie frame are very restricted. This configuration gives good 
stability properties, and gives a rather high critical speed (see Section 3.3), but poor 
performance in curves. 

- A soft bogie has rather low longitudinal and lateral primary stiffness. This results in a 
significant possibility for the wheelsets to yaw2 relative to the bogie frame and gives 
good curving performance. On the other hand, ride instability may occur on straight 
track at high speed due to so low stiffness. 

The main function of other elements shown in Figure B-3 is presented below: 

- Bogie frame. It gives high-frequency vibration isolation through its inertia and also 
reduces the wheel-rail forces since there are two levels of suspension. 

- Traction rod. It acts like a very stiff spring which transfers longitudinal forces 
between bogie and carbody to allow for vehicle braking and acceleration.   

- Vertical damper. Together with the secondary suspension system it improves the 
damping between bogie frame and carbody in vertical direction. 

- Yaw damper. It acts by damping the possible yaw motion of the bogie frame relative 
to the carbody. 

                                                 
2 Yaw is the relative rotation of the vehicle parts about an axis perpendicular to the track plane. 
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- Anti-roll bar. It acts like a torsional spring which connects bogie and carbody to 
reduce the carbody roll3. 

- Axle-box damper. Together with the primary spring suspension it improves the 
damping between wheelset and bogie frame in vertical and lateral direction. 

- Disc brake. A pneumatic or hydraulic system applies pressure to the disc brakes for 
vehicle braking. For different types of braking systems see [10]. 

- Traction motor. Normally in modern trains the traction power is supplied by an 
electric motor through a traction gear (See Figure B-4). In the case of study, the A32 
light rail vehicle, it has four 3-phase asynchronous motors applying torque to the four 
wheelsets of the two motor bogies (see A32 characteristics, Section 2.1).  

- Traction gear. By means of this, the traction motor applies the correct torque and 
rotation to the axle (See Figure B-4)). The power supply is assumed to be constant 
between the motor and the gear. 

 

 
Figure B-4 AC motor driving the axle through a traction gear [37] 

Electric AC motor 

The traction motor commonly used in railway business nowadays is the so called AC 
asynchronous motor (or induction motor). This is the case for the A32 vehicle.  

An induction motor is a type of alternating current motor (AC) where power is supplied to the 
rotating device by means of electromagnetic induction. The electric power is supplied from an 
overhead contact line (catenary). An onboard transformer converts the power supply down to 
an acceptable level and it is controlled by an electronic control system.  

An electric motor transforms electrical power into mechanical power in the rotating part, 
called rotor. It works similarly to a transformer being the stator (static part, see Figure B-4) 
the primary side and the rotor the secondary side of such transformer. The current in the 
primary side produces a magnetic field which interacts with the magnetic field in the 
secondary side to produce a resultant torque. 
                                                 
3 Roll is the relative rotation of the vehicle parts about a longitudinal axis. 
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Nowadays AC motors are preferred to DC motors because modern power electronics permit 
to control the speed easily. They also have the advantage of absence of brushes (required in 
most DC motors), which avoids contact losses.  

Regenerative braking 

Since an electric motor and an electric generator is mechanically the same machine, it was 
immediately realized that a train could use its motors as generators while braking. In this way 
they would return the power to the source and other trains could use it. This idea has 
succeeded recently thanks to modern power electronics systems. The A32 vehicle includes 
such system among its characteristics. 

Slip/Slide (or Skid) control 

During braking and acceleration the torque applied to the wheelset must be limited. Otherwise 
slip, in case of accelerating, or slide, in case of braking, may arise. 

When the wheels turn normally, the vehicle speed is 00 rv ⋅Ω= . If the maximum torque is 

overcome then the wheel slips and the vehicle speed does not coincide to the rotational speed 
times the radius. Consequently longitudinal creep forces appear, Fξ, to try to keep the 
adhesion. These forces have a maximum value corresponding to the case of no adhesion. 
Figure B-5 shows both cases driving and braking. 

 
Figure B-5 Difference between Slip and Slide (or Skid) 

 

The longitudinal creep speed is defined as: 

)(
1

00
0

Ω−= rv
vξυ  (A-1) 

being v0 the reference speed, which in this case is the vehicle speed. 

The longitudinal creep force can be defined as: 

NfF ⋅⋅−= µξξ  (A-2) 

The ξf factor can vary between (0, 1), being 0 for pure rolling and 1 for total slipping (or 

sliding) [1].  
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The coefficient of friction, µ, depends mainly on environmental aspects. This factor is studied 
in Section 4.3.  

Modern vehicles include a wheel slide control system to avoid sliding. The most common of 
these systems operates rather like ABS (Antilock Brake System) on road vehicles. The 
railway systems usually monitor the rotation of each axle and compare rotational speeds 
between pairs of axles. If a difference appears between a pair of axles during braking, the 
brake is released on those axles until the speeds equalise, when the brake is re-applied. All 
this occurs automatically. Modern systems also detect too rapid deceleration of an axle. 
Another form of slip/slide detection uses Doppler radar techniques.  This measures the ground 
speed of the locomotive against the revolutions of each wheelset and uses the detection of a 
difference to regulate the control systems [37]. 

For traction control to avoid wheel slip, the control system reduces the applied torque by 
reducing the excitation to the AC motor when slip is detected. This is reached by using 
modern power electronic systems. For further details see [37]. 

Nowadays slip and slide control is performed by the same central control unit thanks to the 
modern advanced electronic systems. That is the case of the A32 vehicle. 

Electric magnetic track brake (emergency brake) 

Since the braking system depends on the adhesion conditions of the contact, some railway 
regulations demand or recommend an additional brake for emergency situations. Electric 
magnetic track brake is the most common alternative. 

The system is mounted on lifting actuators which in case of emergency lower the magnetic 
track brake to the rail level and switch on the electric power supply. A magnetic field is 
generated in a coil, which pulls the pole shoes onto the rail. This magnetic clamping force is 
transformed into a braking force with the friction between the pole shoes and the rail, which 
in turn is transmitted directly into the bogie frame [13]. 

The A32 vehicle has this kind of system. 

 


