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Abstract 
 

One of the main issues of cast-iron block brake material is high noise. Nowadays, train 

operators tend to change the brake block material from cast-iron to composite material. 

However, composite block brake materials are likely to produce more wear than cast-iron 

block brakes, degrading the dynamic behavior of the vehicle on the track. Therefore, 

comparison of the dynamic behavior and the maintenance cost of each block brake material 

of the train has been performed. The dynamic behavior is analyzed using GENSYS software 

and the maintenance cost analysis is done by using the Universal Cost Model developed in 

the EU project Roll2Rail. The iron ore train that operates in Malmbanan has been used as the 

simulation model. One-wheel profile before changing the block brake material before 2010 

and two-wheel profiles after changing the block brake material after 2010 have been used for 

simulation. Certain radii, cant, vehicle speeds and wheel-rail friction coefficients has been 

taken into consideration in the simulations. After that, the wheel and track maintenance costs 

have been taken into consideration for analyzing the Universal Cost Model. The simulation 

results show that the wheel profiles after changing the block brake material possess higher 

risk of RCF than wheel profile before changing the brake block material. The UCM 

calculation show that the wheel profile after changing brake material leads to higher track 

maintenance costs, 9.3% higher for new1 and 2.8% higher for new2 wheel profiles, compared 

to the worn wheel profile before changing brake material. Moreover, The UCM calculation 

show that the wheel profile after changing brake material leads to higher wheel maintenance 

costs, 1.04% higher for new1 and 4.3% higher for new2 wheel profiles, compared to the worn 

wheel profile before changing brake material. The total of maintenance cost also shows that 

the wheel profile after changing brake material leads to higher maintenance costs, around 2-

4%, compared to the worn profile before changing brake material. 

 

 

 

 

 

 

 

 

 

 



iii 
 

Contents 

Preface..................................................................................................................................... 1 

Abstract ................................................................................................................................... 2 

1. Introduction ..................................................................................................................... 4 

1.1. Purpose ..................................................................................................................... 5 

1.2. Thesis Content .......................................................................................................... 6 

2. Literature Review ............................................................................................................ 7 

2.1. Block Brake .............................................................................................................. 7 

2.2. Wear ......................................................................................................................... 9 

2.3. Rolling Contact Fatigue (RCF) .............................................................................. 10 

2.4. Universal Cost Model (UCM) ................................................................................ 12 

3. Methodology .................................................................................................................. 15 

3.1. Gensys Simulations ................................................................................................ 15 

3.1.1. Vehicle model ................................................................................................. 15 

3.1.2. Wheel profile .................................................................................................. 15 

3.1.3. Track condition ............................................................................................... 16 

3.1.4. Operatinal conditions ...................................................................................... 18 

3.2. Universal Cost Model............................................................................................. 19 

3.2.1. Cost of wheel maintenance ............................................................................. 19 

3.2.2. Cost of infrastructure maintenance ................................................................. 21 

4. Simulation results .......................................................................................................... 23 

5. Universal Cost Model calculation ................................................................................. 25 

6. Conclusions and Future Work ....................................................................................... 29 

References ............................................................................................................................. 31 

 

 

 

 

 

 

 



4 
 

1. Introduction  
 

Most freight trains use block brakes for their braking systems. The reason for its universal 

usage is because it is more economical and straightforward than other braking systems such 

as disc and electronic brakes. However, this system dissipates heat on the wheel. Another 

drawback of this system is it is very dependent on the vehicle speed since higher vehicle 

speed decreases the working lifetime of the brake, especially on the cast-iron block brakes. 

Since almost freight trains operate at lower speed, the friction coefficient of the cast iron 

block brake will be much higher. Higher friction coefficient lead to higher wear on the wheel. 

Thus, the high wear could reduce the lifetime of the wheel. [1] 

In term of material for the block brake system, Trafikverket (Swedish Transportation 

Administration) informs that composite and sintered material are replacing the cast-iron 

material block brake. In general, these materials are more expensive than cast-iron. However, 

these materials have some benefits since they are lighter and have lower noise pollution. 

Without neglecting their advantages, there are still some problems with these materials. The 

problem of these materials is the lack of thermal conductivity which means the brakes 

transmit more energy to the wheel than cast-iron, which further increase wheel damage [1]. 

Those problems of replacing the block brake material to composite or sintered material could 

lead to increase in the number of the hollow wheels that contribute to higher wheelset 

maintenance cost. Another problem is related to the worn profile that has a direct influence 

on the conicity of the wheel-rail contact [2]. The conicity develops tend to change the 

dynamic behavior of the vehicle. In the worst scenario, the rolling contact fatigue (RCF) and 

wears will appear on wheel and rail. The consequence of this situation is that the vehicle 

critical speed will be lowered. Furthermore, another consequence is the dynamic forces 

between wheel and rail will be high. The dynamic forces lead to damage of the wheel and 

track as well. Consequently, this condition is not suitable from an economic perspective 

because the maintenance cost on the vehicle and infrastructure sides could increase a lot. 

In the Swedish context, there was a change of brake block material in 2010. According to 

Trafikverket [3], before changing brake block material, the track maintenance length and 

costs were lower than after changing the material. Trafikverket also have improved the 

fastening of the rail to decrease the track gauge from 2010 since wider track gauge leads to 

higher RCF damage on inner rail. Based on figure 1, there is an indication that changing the 

block brake material leads to increased track maintenance costs. 
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Figure 1 Track maintenance length and cost per year 

Nowadays, KTH with Trafikverket are planning to utilize the Universal Cost Model (UCM) 

for the vehicle maintenance. From the EU project Roll2Rail, the development of UCM allows 

implementation of life cycle cost analysis calculation with various changes on the vehicle. 

Although the UCM is not directly connected to the braking system, the UCM could still be 

used as one of the methods for calculating life cycle costs. Therefore, this calculation model 

can be used as a support for the decision-making process because it can show the impact of 

component changes in different cases. 

 

1.1. Purpose 

The goal of this research is to determine the dynamic effect of changing cast-iron to 

composite block brake material on iron ore wagon that is currently working on Malmbanan 

track. Another goal of this research is to get an economic perspective of changing the block 

brake material by using Universal Cost Model as a method to calculate maintenance cost per 

year. 

In order to answer the goal, some research questions are formulated as follows: 

• Does the change of brake block material have an effect on the dynamic behavior of 

the iron ore wagons? 

• Does the change of brake block material lead to increase in the maintenance cost of 

the train? 

In this report, the effect of changing cast-iron to composite material brake in Nordic 

conditions is compared as well as the economic perspective by using UCM. It is focused on 

Malmbanan, the iron ore line in the north of Sweden. In order to answer the research 

questions, the RCF analysis is performed using GENSYS and post-processing using Matlab. 

The main input of the simulation is the iron ore vehicle that operates in Malmbanan. Then, 

wheel profile data from Trafikverket that was measured before and after changing the brake 

block material is used as the variable that is changed in the simulation. The output data (RCF 

and wear) was then used in the Universal Cost Model to obtain the cost of before and after 

changing the brake. 
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1.2. Thesis Content 

The report is divided into 6 chapters. The first chapter is introduction. The second chapter is 

literature review; this chapter contains information that is related to this research such as the 

block brake system, wear, RCF and the Universal Cost Model. The third chapter is 

methodology; in this chapter, the information about the parameters that is used on simulation 

e.g. vehicle model and wheel profile are explained. Also, the Universal Cost Model 

calculation is described. The fourth chapter is simulation result, this chapter explains the 

result of RCF simulation on different cases. The fifth chapter is the UCM calculation; in this 

chapter the total maintenance cost is calculated by adding wheel and track maintenance costs. 

The final chapter is the conclusion of the thesis. 
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2. Literature Review 
 

This chapter describes the fundamental theories that are related to this thesis. First, brake 

block material is discussed. Furthermore, the rolling contact fatigue on wheel and rail is 

studied. Then, the study of wear and its influence on RCF is investigated. At last, the 

description of UCM and how it can be used to calculate the effect of changing brakes is 

explained. 

 

2.1. Block Brake 

Block brake is one of the types of friction brakes that is commonly used in the vehicle. The 

fundamental concept of this brake type is that the block brake presses against the tread of the 

wheel by using force usually from compressed air. The configuration of block brake on the 

wheel can be seen in Figure 2. 

 

Figure 2. Wheel and block brake [4] 

This brake is easy to install, inexpensive, and cleans wheel treads. On the other hand, it 

produces a high level of noise along with the heat, which is always dissipated in the wheel. 

The heat dissipation needs to be considered. If the temperature is too high, it will produce 

some damages on the wheel such as lowering the yield stress and transforming the 

microstructure of the wheel into a different shape [1].  

There are three materials that are usually used for block brake which are cast-iron, composite 

and sintered material. The most common block brake is the cast-iron block brake [1]. The 

advantages and drawbacks of those materials are explained in Table 2.1. 
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Table 2.1 Block brake materials comparison [1] 

 Cast-Iron Composite Sintered 

Advantages -Easy to 

manufacture and 

cheap 

-Provides good 

adhesion relatively 

due to having 

certain roughening 

effect 

-Light 

-Good wear 

properties 

-Good wear 

properties 

Disadvantages -The friction 

between wheel and 

brake very 

dependent on 

vehicle speed 

-High noise and 

block wear 

-Poor thermal 

conductivity 

-Minimal 

roughening effect 

-High wheel wear 

-Expensive 

-High wheel wear 

Some works to find relations between block brake material and reducing pass-by noise level 

have been done by many scholars.  Bühler [5] held a test to determine the noise reduction 

from changing brake material from cast-iron to composite material of a retrofitted freight 

train on Kerzers-Müntschemier line section near Berne, Switzerland. Several types of wagon 

had been used in the test with some identical conditions such as vehicle speed, weather, track, 

and boundary conditions. The result of the test was that changing brakes material from cast-

iron to composite material allows noise reduction up to 12-14 dB. 

Another work from Jansen et.al [6] had a quite similar test as Bühler. They compared cast 

iron and composite brake block material for a noise measurement test on a track in Susteren 

and near Bergen op Zoom in Netherland. In this test, they had two braking conditions, which 

are braking to standstill and braking at certain speed. In the result, the test showed that the 

composite block brake material gave lower noise levels compared to cast-iron material on all 

braking conditions. 

Another work, discussing the relation between changing block brake material and wheel 

damage was done by UIC [2]. In this case, UIC demonstrated how equivalent conicity 

develops under certain test conditions. The test results showed that the composite material 

brake block had higher equivalent conicity than cast-iron material on higher mileage. Higher 

equivalent conicity corresponded with higher wheel wear. At some cases, high equivalent 

conicity occurs along with false flanges. The development of equivalent conicity with two 

types of composite block brake, IB116 and C952-1 and cast-iron block brake material can be 

seen on Figure 3 below. 



9 
 

 

Figure 3. Development of equivalent conicity of composite and cast-iron block brake 

material [2] 

Figure 3 depicts the equivalent conicity of wheel-rail contact for specific running distances. 

The red line is linear approximation of the equivalent conicity on certain distance of vehicles 

carrying composite block brakes, IB116 and C952-1 and the blue line is the linear 

approximation of the equivalent conicity on certain distance for the vehicles carrying cast-

iron block brakes. On the Figure 3 above, the data interpolation of equivalent conicity of 

composite block brake surpassed the equivalent conicity of IB116 and C952-1 cast-iron block 

brake on higher mileage.  

2.2. Wear 

Some wear research has been done mainly in wheel-track interaction. Cui et al. [7] explained 

that the hollow wheel is the wheel condition when the wheel tread is worn below the end of 

the tread. When the contact point between wheel and rail stays on the wheel tread, that 

condition makes a certain ‘flange’ at the end of the tread, called false flange. The example of 

wheel configuration of hollow and false flange wear on the wheel can be seen in Figure 4. 
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Figure 4 Hollow and false flange wear 

Research about hollow wear was also carried out by Spangenberg et al. [8] who discussed 

that the development of false flange wear was one of the significant factors that affect the 

RCF initiation. In this research, the false flange worn profile tended to produce more RCF 

initiation than hollow wear. Such research also proposed two RCF mitigations which are 

increasing transverse primary suspension stiffness and changing the rail profile design. 

According to the test, when the primary suspension stiffness is increased, the area of the 

worn-off portion on the wheel is much higher due to increasing steering force, and the wear 

spread across the wheel tread. 

Fröhling et al. [9] also discussed the effect of hollow wear and false flange wear on the RCF 

crack development for the gauge corner of the outer rail in a curved track. The high contact 

stresses are more dependent on the shape of the worn wheel profile and less dependent on 

the hollow wear depth and the shape of the false flange wear affects the contact stress level. 

 

2.3. Rolling Contact Fatigue (RCF) 

A lot of research has been done in relation to the topic of Rail Contact Fatigue (RCF). The 

material behaviour when applying rolling contact was discussed by K.L. Johnson [10]. The 

study explained that there are four possibilities of material response when repeated rolling 

contact loads are applied in both surfaces, as described in Figure 5. 
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Figure 5. Material response to cycling load [10] 

The possibilities of material response, which is explained in Figure 5 above, are: 

1) Perfectly elastic: The behaviour will be perfectly elastic if the maximum stress in cyclic 

load does not exceed the yield stress. 

2) Elastic shakedown: The elastic limit is exceeded, but due to the changes caused by plastic 

flow, the steady cyclic state lies within the elastic limit. 

3) Cyclic plasticity (plastic shakedown): The steady cyclic state includes a closed plastic 

stress-strain loop with no net accumulation of one-way plastic strain 

4) Incremental collapse (rachetting): The steady cyclic state includes an open cycle of 

plastic stress and strains such like an increment of one-way plastic strain is accumulated 

with each cycle of stress. 

Another research by Ekberg, et al. [11] described the fatigue failures of railway wheels and 

introduced shakedown diagram to tell whether surface fatigue is likely to happen.  They 

explained that there are three categories of fatigue failures of railway wheels which are 

surface-initiated fatigue, subsurface-initiated fatigue and fatigue initiated at profound 

material defects. The surface-initiated fatigue appears from plastic deformation of the surface 

material. In this type of fatigue failure, there is no dangerous effect, but the impact is costly. 

That is because the crack initiation is the results of rachetting and low-cycle fatigue of surface 

material.  

The subsurface crack is initiated at depths around 3-10 mm below wheel tread. This 

phenomenon occurs due to high cycle fatigue (following elastic shakedown) caused by a 

combination of high vertical loading, bad contact geometry and locally low fatigue resistance 

of the material. However, the difference between subsurface-initiated fatigue and deep 

initiated at deep defects remains unclear. This type of fatigue failure occurs of high cycle 

fatigue or locally at the defect of low cycle fatigue that appears from high vertical loading 

and relatively large material inclusions [11]. 
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Shakedown diagram is one of the ways to identify load level corresponding to rachetting and 

low-cycle fatigue in rolling contact as explained by Ekberg and Johnson [10], Dirks [12], and 

Prevolnik [13]. The input parameters for shakedown diagram are yield stress in pure shear 

(torsion) k; vertical force Fz; lateral force, Flat; and semi-axis of the elliptic contact area in 

Hertzian contact, a and b. The μ, utilised friction coefficient itself is defined as lateral force 

divided by vertical force. 

μ =
Flat
Fz

=
√Fx2 + Fy2

Fz
 

Where the Fx and Fy are the longitudinal and lateral creep force in [N]. The equation of 

boundary curve (BC) can be defined as: 

ν =
1

μ
 

The surface fatigue index (FIsurf) equation can be seen as: 

FIsurf = μ −
1

v
= μ −

2πabk

3Fx
 

The surface fatigue is predicted to exist if the FIsurf is lower than zero. Hossein-Nia [14] 

explains that the positive value of FIsurf represents the rachetting part of shakedown diagram 

occurring in surface initiated fatigue. The area below FIsurf curve is the ratchetted working 

point depth. The shakedown diagram can be seen in Figure 6.  

 

Figure 6. Shakedown diagram [11] 

2.4. Universal Cost Model (UCM) 

The Universal Cost Model has been developed in the EU project Roll2Rail (R2R) [15] as a 

method to model life-cycle costs. It was proposed since there was no cost modelling 

methodology that is valid and accepted widely all over Europe. Nowadays, this method is 

proposed to be used for cost modelling of future running gear technology. 
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There are several factors that contribute to the Universal Cost Model as follows [15]: 

i. Cost of unavailability 

This calculation considers the unavailability of the vehicle due to potential failures of the 

component that degrade the transportation service availability.  This procedure examines two 

types of unavailability which are short-term and long-term unavailability. The differences 

between those types of unavailability are how long the failure occurs and how fast the 

restoration of the service can be finished. 

ii. Cost of potential hazards 

This calculation considers the potential hazards. In this case, the potential hazards could be 

the passengers or train driver that get serious injuries or fatalities during the operation. 

iii. Cost of wheel maintenance 

Wear and RCF are considered when calculating wheel maintenance cost. To determine the 

wear and RCF on the wheel, multi-body simulation is introduced. Track layout and vehicle 

model need to be defined before performing the multibody simulation.  

To define the track model, some options leads to increasing accuracy at the same time 

increasing the computational time. The simplest way to define the track model is using the 

rigid model. Such model introduces different elements with their stiffness and inertia 

properties, for example ballast, check-rails and variable longitudinal stiffness. To get a better 

accuracy, track irregularities and different wheel profile can be considered.  

To obtain good results, the MBS model should give evidence of the level of trustworthiness. 

If the procedure will be used for a new concept vehicle, it is needed to show that the design 

data of multibody simulation is sufficiently detailed to make sure that the running dynamics 

feature works correctly. If the procedure will be used for an existing vehicle with or without 

modification, the dynamic characteristics of the vehicle have to be validated first.  

iv. Cost of infrastructure maintenance 

The procedure of calculating the cost of infrastructure maintenance has two alternatives 

depending on the variety of vehicles using infrastructure. If there are several vehicles that use 

the infrastructure, the route one which is based on a calculation of incremental damage and 

maintenance costs should be used. However, if the infrastructure is used only by one type of 

vehicle, the route two, which is based on calculation, directly included maintenance costs 

should be used. Both routes consist of some steps which can be seen in detail on Roll2Rail 

Deliverable D4.3 Cost Model [15]. 

v. Cost of energy 

The costs of energy must be done in the same boundary conditions, for example, the vehicle 

run at the same distance and a fixed schedule. This procedure also considers running 

resistance which works on the vehicle and track resistance on the track. 
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vi. Cost of noise 

The procedure for calculating the cost of noise is divided into two calculations. The first one 

is exterior rolling noise calculation that uses a combination of noise source data from different 

components together with the geometry of the train to predict sound pressure level at a fixed 

position as the train passes. This calculation needs a simulation tool. Then, the second one is 

aerodynamic noise contribution, based on theoretical approximation. 

Therefore, the noise cost focuses as a basis on the limits for pass-by noise depending on the 

train type, and the current proposal is to apply the proportional cost in €/dBA for every dBA 

above the limits (malus) and below the limits (bonus).   
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3. Methodology 
 

In this thesis, simulations were used to analyze RCF of the wheel. Then, simulation output 

was used for calculating wheel and track maintenance costs using the Universal Cost Model. 

However, due to lack of data, other factors of the Universal Cost Model were not calculated 

such as unavailability, potential hazards, noise and energy costs. In this research, the methods 

used for dynamic simulation and life cycle cost calculation were Gensys and the Universal 

Cost Model tool respectively. 

 

3.1. Gensys Simulations 

3.1.1. Vehicle model 

The vehicle model that was used for simulation is the IORE so called Fanoo wagons which 

uses three-piece boogies with load sensitive frictional damping [16]. The characteristics of 

the wagon can be seen in Table 3.1 

Table 3.1 Characteristic of iron ore wagon [16] 

Length of wagons 10.29 m 

Distance between centre plates 6.77 m 

Total wagon height 3.64 m 

Basket width 3.49 m 

Weight of empty wagon 21.6 tons 

Payload 102 tons 

Maximum speed (empty) 70 km/h 

Maximum speed (loaded) 60 km/h 

Wheel base 1778 mm 

Wheel diameter (max) 915 mm 

Wheel diameter (min) 857 mm 

Weight of wheelset (max) 1341 kg 

Weight bogie incl. wheelsets and braking equipment 4650 kg 

 

3.1.2. Wheel profile 

The wheel profiles used in the simulation are three different WP4 worn profiles, the first one 

was measured in 2008 with 158 384 km running distance and the second and third ones were 

measured in 2014 with 164 135 km running distance. The wheel profile that was measured 

in 2008 could be used as a comparison with the wheel profile that was measured in 2014 
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since the running distances of the 3 wheel profiles do not have a significant difference, which 

is around 3.6%. In this study, the wheel characteristics and profile geometry from 2008 is 

called Old, while its characteristics and profile geometry from 2014 are called New1 and 

New2. (see Table 3.2 and Figure 7).  

 

Table 3.2 Wheel profiles characteristic [17]  
Sd (mm) Sh (mm) Qr (mm) 

Old 27.2023 30.754 9.505 

New1 26.76 33.25  10.0 

New2 27.89 32.21 9.5 

 

Figure 7. Wheel profile of Old, New1 and New2 

Where Sd is the flange thickness, Sh is the flange height and Qr is the flange angle of the 

wheel. 

3.1.3. Track condition 

In this simulation, 5 different curves of radii of 200 m, 400 m, 600 m, 800 m and 1000 m and 

straight track were used. Curvatures for one of the examples over simulation distance can be 

seen on Figure 8. 

 

Figure 8. Curvature over simulation distance  
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The rail profiles on high and low rails are quite different depending on the curve of the track. 

This rail profile is based on the real rail profile that is currently used on Malmbanan. Table 

3.3 describe the rail profile of high and low rail. The nomenclature of high and low rails is 

based on the curve direction. If the curve direction is to the right, the high rail should be on 

the left side and the low rail should be on the right side of the track. 

Table 3.3 Track geometry [16] 

Track position R<400 m R>400 m Straight 

track 

High rail MB1_assymmetric MB1 UIC60 

Low rail MB4 UIC60 UIC60 

In order to have a similar condition with the Malmbanan track, the track gauge depends on 

the curve radius of the track. The track gauge for each curve radius can be seen in table 3.4. 

They are based on the real conditions of Malmbanan track. 

Table 3.4 Track gauge per each radius [16] 

Radius (m) Track Gauge (mm) 

Straight 1440 

300 1444 

400 1443 

600 1447 

800 1445 

1000 1444 

In order to get a statistical advantage to be used with respect to other track conditions, several 

track cases were formulated in this simulation. The percentages explain curve distribution on 

the track cases if it is comparing with the total of the track section. The percentages also work 

as realistic estimation of track since simulating a real track needs a lot of computational work. 
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Table 3.5 Curve percentage of each cases  
Default Case #1 Case #2 Case #3 Case #4 Case #5 

Straight 67.50% 100.00% 60.00% 67.50% 60.00% 60.00% 

R300 1.00% 0.00% 2.00% 2.00% 1.00% 2.00% 

R400 2.00% 0.00% 4.00% 4.00% 2.00% 3.00% 

R600 2.00% 0.00% 4.00% 4.00% 9.00% 8.00% 

R800 5.00% 0.00% 7.50% 7.50% 13.00% 10.00% 

R1000 22.50% 0.00% 22.50% 15.00% 15.00% 15.00% 

3.1.4. Operational conditions 

There are 120 simulations for different parametric studies that depend on several factors such 

as radius, cant, vehicle speed and friction coefficient. Cant and vehicle speed are related each 

other which can be explained on the equation (1). 

ℎ𝑒𝑞 ≈
2𝑏0
𝑔

.
𝑣2

𝑅
 

Where heq is cant equilibrium, b0 is semi-track gauge, v is vehicle speed, g is gravitational 

acceleration and R is track radius. Since track cant and gravitational acceleration are constant 

on the same radius, the heq and v2 are directly proportional.  

In order to have a simulation that approaches the real working condition, the cant was 

adjusted depending on the vehicles running condition. According to [18], for freight trains, 

maximum cant deficiency and cant excess are 0.100 m and 0.070 m respectively. Then, 

weighting factor is used in order to have sets of cant scenario condition for each track radius. 

The weighting factor is based on the chance of cant would be run on real condition. Table 

3.6 explains the assumption of weighting factor that has been used in the simulation. 

Table 3.6 Weighting factor of cant on simulation  

Cant Weighting factor 

For R=300 m and straight 100% cant equilibrium 

For R=400 m and 600 m 50% cant equilibrium, 50 % cant deficiency 

For R= 800 m and 1000 m 33% cant equilibrium, 33% cant deficiency, 

33% cant excess 

For straight track and 300 m radii, the cant equilibrium is used on the simulation since there 

is no possibility to vary the vehicle speed. Varying the vehicle speed will exceed the limit of 

cant deficiency. The cant excess will also unlikely to happen due to the vehicle speed. For 

400 and 600 m radii, there is a possibility to modify the cant that will obtain the cant 

deficiency scenario. The same condition for 800 and 1000 m radii that the cant deficiency 

and cant excess is likely to happen. 

(1) 
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Friction coefficient is also one of the factors that contribute a lot to the vehicle-track 

interaction. According to [1], the friction coefficient is strongly related to the weather. On a 

sunny day, the wheel-rail friction coefficient will be higher than on rainy or cloudy day. 

Winter season also tends to reduce the friction coefficient. The most common wheel-rail 

friction coefficient that usually occurred is around 0.2 – 0.5. Table 3.7 explains the 

assumptions of friction coefficient that has been used in simulation and its weighting factor. 

Table 3.7 Weighting factor of friction coefficient (assumption) 

Friction coefficient Weighting factor 

0.2 15% 

0.4 50% 

0.5 35% 

 

3.2. Universal Cost Model 

3.2.1. Cost of wheel maintenance 

Based on Roll2Rail Deliverable 4.3 Universal Cost Model [15], wear and rolling contact 

fatigue is the most influential mechanism that damaging the wheel. The surface-initiated 

fatigue RCF tend to produce cracks on the wheel surface and wear will worsen the contact 

geometry between wheel and track that could hasten the cracks. However, at higher wear 

rate, there will be no development of RCF cracks. At the first, the crack will propagate on 

the wheel surface. Then, the cracks will be worn off by the high wear rate. [12] 

In order to maintain the wheel, wheel reprofiling and renewing are the methods to counter 

the RCF and wear. At certain running distance, the wheel needs to be reprofiled. The reason 

of reprofiling is to restore the original wheel profile and to remove the defects on the wheel 

such as RCF cracks. If the wheel diameter has already surpassed its limit, the wheel has to 

replace with a new wheel. Thus, reprofiling and renewing cost need to be considered on the 

wheel maintenance cost calculation. [15]  

Due to this reason, only wear and RCF will be considered when calculating the wheel 

maintenance cost. Then, some characteristics of the wheel profile such as flange thickness, 

flange height and flange angle are used to calculate the wheel maintenance cost. Running 

distance of the wheel profile is also needed to obtain the maintenance cost. The format of 

calculation sheet can be seen in Table 3.8 
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Table 3.8 Calculation sheet of wheel maintenance cost calculation 

Parameter Description < / > LIMIT Running Distance 

(km) 

0  

CVM_KPI1 Wheel flange-height (mm) > 27.5   

CVM_KPI2 Wheel flange-thickness (mm) > 22   

CVM_KPI3 Wheel flange-angle (mm) > 6.5   

Where the fifth and sixth row of the table are the flange height, flange thickness and flange 

angle on 0 km running distance and certain running distance respectively.  

This calculation also has some certain limits of the wheel profile characteristics. According 

to Roll2Rail Deliverable 4.3 [15], the limits of flange thickness, flange height and flange 

angle depends on the wheel diameter are described in Table 3.9. 

Table 3.9 Limit of each wheel characteristic 

Part of 

Wheelset 
Criterion 

Diameter of the 

Wheel [mm] 

Limit value [mm] 

Minimum Maximum 

Flange 

Flange 

Height 

330 ≤ d ≤ 630 31.5 

36 630 ≤ d ≤ 760 29.5 

760 < d 27.5 

Flange 

Thickness 

330 ≤ 𝑑 ≤ 760 27.5 

33 760 ≤ 𝑑 ≤ 840 25 

840 < d 22 

Flange 

Angle 
330 ≤ d 6.5 - 

In this calculation, the depth of reprofiling wheel is assumed. According to Palo [19], the 

average material removed from the diameter due to reprofiling is 10 mm.  

Other assumption is the running distance of wheel profile is 160,000 km that is based on 

Mikael Palo’s paper [20]. It was stated that the average running distance of iron ore train in 

Malmbanan is around 140,000-160,000 km.  

Then, the wheel reprofiling and renewal cost is also assumed. Since there is no clear 

information of wheel reprofiling and renewal cost, the standard value of wheel reprofiling 

and renewal cost that provided in the UCM calculation sheet is used. The wheel reprofiling 

and renewal cost are €1,000 and €2,000 respectively.  
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3.2.2. Cost of infrastructure maintenance 

Based on Deliverable 4.3 [15], calculation of incremental damage and maintenance costs was 

used since it associated with certain wheel profile and a vehicle which is iron ore train that 

operates in Malmbanan. In this calculation, there are 3 parameters that contribute to 

infrastructure maintenance: RCF, wear, and ballast degradation. Since there is no data for 

track RCF or ballast degradation, rail wear damage was used from simulation data and other 

parameters were used based on standard value provided in the UCM calculation sheet (Table 

3.10). 

Table 3.10 Calculation sheet of track maintenance cost calculation 

Incremental cost 

of RCF in 

section "i" 

            

10,000.00    

€/year·mm 1 Accumulated damage per year 

related with RCF in section "i" 

(mm) 

incremental cost 

of rail wear in 

section "i" 

               

5,000.00    

€/year·mm (change 

value) 

Accumulated damage per year 

related with rail wear in section "i" 

(mm) 

incremental cost 

of ballast 

degradation "i" 

            

20,000.00    

€/year·mm 3.2 Accumulated damage per year 

related with ballast degradation in 

section "i" (mm) 

Incremental cost and the accumulated damage of RCF and ballast degradation are assumed 

as same as the default value on the calculation sheet. The incremental cost and the 

accumulated damage of RCF are 10,000 €/year-mm and 1 mm. Then, incremental cost and 

the accumulated damage of ballast degradation are 20,000 €/year-mm and 3.2 mm.  

For the uniform wear calculation, several methods can be used such as wheel-rail wear energy 

dissipation model and sliding wear model (Archard’s Model) [15]. In this thesis, energy 

dissipation model was used because it is simpler and takes shorter time than Archard’s Model 

since no post-processing is needed to calculate the slip area of the contact. Some parameters 

are also unknown to calculate the wear by using Archard’s model. This energy dissipation 

model is introduced by Pearce and Sheratt [21] and the relationship between wear and energy 

dissipation can be seen on equations below.  

Tγ < 100N; Aw = 0.25
Tγ

D
 

100 ≤ Tγ < 200N; Aw =
25.0

D
 

Tγ ≥ 200N; Aw =
(1.19Tγ − 154)

D
 

Where Tγ is the energy dissipation between wheel and track, Aw (mm2) is the worn area per 

rolled km and D is the wheel diameter. After the calculation of wear is finished for each 

radius, the mean value of rail wear can be determined by 
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Wm,i<R≤j =
1

Np
.∑Wp(y)

Np

p=1

 

Where Np is the total distance along the curve, i and j are lower and upper bounds for each 

radius and Wp(y) is the wear distribution which is a function of the lateral coordinate of the 

rail. 

Then, the accumulated wear for each curve can be determined for certain number of vehicle 

passages Nv, 

Wtot,i<R≤j = Wm,i<R≤j. Nv 
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4. Simulation results 
 

After the simulations finished, several output from GENSYS is imported and processed in 

Matlab. In this case, the outputs are RCF considering the wear of each contact point and 

simulation time. Then, RCF indication on the wheels is described. The RCF figures for 3 

contact points can be seen in Figure 9. The parameters in this case are 400 m radius, 0.5 

friction coefficient, 60 km/h speed, 61 mm cant, right wheel and new1 wheel profile, which 

is after changing the block brake. 

       

Figure 9 Example of risk of RCF of right new1 wheel profile (author’s analysis, 2018) 

Three-point contact has been used in RCF simulation since this condition is likely to happen 

on heavily worn wheel/rail profile, small curve radii track and through a switch. The three-

point contact can be described as one on the tread, one on the flange and one again on the 

flange or on the back of the wheel [22]. 

Figure 9 shows that the risk of RCF is quite low and mostly occurred on the curve transition. 

The RCF on contact point 3 was not showed since there was never three contact points at the 

same time.  

Then, the RCF values that are higher than zero were summed up to determine the RCF 

accumulation. The RCF accumulation of each cases can be seen in Figure 10. 
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Figure 10. RCF accumulation of each cases 

On Figure 10 above, only the right wheel was taken into consideration for the simulation. 

The reason is RCF is normally triggered near to the flange on outer wheel and on the tread 

on the inner wheel. Nevertheless, the crack are often found on the tread on the inner wheel 

[13]. The percentage difference for each case when comparing with the nominal condition 

can be seen in Table 4.1. On straight track (Case #1), the RCF occurred due to track 

irregularities on the track. On the other cases, the differences in RCF accumulation on all 

wheel profiles are not significant while changing the curve percentage on the track. The RCF 

accumulations on new1 and new2 wheel profiles are much higher than the old wheel profile 

due to the worn wheel profile that already gives a non-optimal equivalent conicity.  
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5. Universal Cost Model calculation 
 

To calculate track maintenance cost per year, as mentioned in the methodology, three 

components of incremental cost calculations are used: RCF, rail wear, and ballast 

degradation. The comparison between old and new wheel profiles impact on track 

maintenance cost per year can be seen in Figure 11. 

  

Figure 11. Track maintenance cost per year for each wheel profile 

As can be seen on the figure 11 above, the track maintenance costs per year after changing 

the block brake are slightly higher than the track maintenance cost per year before changing 

the block brake respectively at around 9.3% for new1 and 2.8% for new2. The difference 

occurs because composite material block brake gives higher friction coefficient on the wheel. 

It means the wheel will have higher wear and lead to non-optimal wheel conicity and will 

increase the damage on the track. 

Another cost to calculate is the wheel maintenance cost per year. This calculation bases on 

the wheel geometry characteristic of each wheel profile before and after changing the brake 

block materials. This calculation is an approximation since the calculation is only based on 

the wheel profile data. The result would be much better if the method that has been used by 

Hossein-Nia [16] is utilized, which updates the wheel profile after running a certain distance 

and uses the wheel profiles in following simulations to obtain a better result. 

The number of wagons and wheelsets are another assumption that are used in the calculation. 

The number of wagons that are used in the iron ore train is 68 wagons [19]. There are 4 

wheelsets in each wagon so the total number of wheelsets in the vehicle is 272.  

Then, the calculation of wheel maintenance per year can be seen on Table 4.2 and the 

comparison of wheel maintenance cost per year for each wheel profile before and after 

changing the block brake material can be seen in Figure 4.2. 
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Table 4.2 Calculation of wheel maintenance per year 

 

 Old New1 New2 

Km between reprofiling (Km) 141598.179 140133.887 135750.752 

Material removed due to reprofile (mm) 10 10 10 

Total reprofiles per year 1.12995803 1.14176523 1.17863067 

Total renewals per year 0.22599161 0.22835305 0.23572614 

Total cost for reprofiles per wheelset per year (€) 1129.95803 1141.76523 1178.63067 

Total cost for renewals per wheelset per year (€) 451.983212 456.706093 471.452269 

Total cost per year per vehicle (€) 430288.018 434784.200 448822.560 

 

 

Figure 12. Wheel maintenance cost per year for each wheel profile 

The total reprofiles and renewals is obtained from the UCM calculation sheet. Then, the total 

cost for reprofiles and renewals could be obtained by multiply the reprofile/renewal costs 

with the total reprofiles/renewals per year. 

The difference between the wheel profile before and after changing the block brake materials 

is not significant. The wheel maintenance costs per year after changing the block brake are 

slightly higher than the wheel maintenance cost per year before changing the block brake 

respectively at around 1.04% for new1 and 4.3% for new2. That is incurred due to the non-

optimal wheel profile. The calculation could be better if the wheel data such as conicity and 

difference between wheel diameter for certain running distance is provided. 

However, if wheel maintenance cost is compared with the track maintenance cost, the wheel 

maintenance cost is much higher due to 68 wagons that is used on the operation of iron ore 

line which.  
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If the track and wheel maintenance costs are added, the total of maintenance cost per year 

can be seen in Figure 13.  

  

Figure 13. Total maintenance cost per year 

The difference between maintenance costs when using old and new wheel profile is not 

significant. The total maintenance cost before changing block brake material is slightly lower 

than the total maintenance cost after changing the block brake material, around 2-4%. This 

result is not quite enough since other factors are not considered in this calculation, which are 

unavailability, potential hazards, energy and noise costs. 

Then, the total maintenance cost per mileage can be compared with track maintenance costs 

data from Trafikverket at the same year. With this comparison, The UCM calculation could 

be assessed. The comparison between UCM calculation results per mileage and track 

maintenance costs data from Trafikverket on 2010 and 2014 can be seen in Figure 14.  

 

Figure 14. Comparison between actual track maintenance costs and UCM calculation 
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Figure 14 shows the track maintenance cost per mileage from Trafikverket increase from 

2010 to 2014. However, the maintenance costs from UCM calculation rise and fall at the 

same time with different worn wheel profiles in the same year. It happens due to lack of real 

data for several assumption such as RCF and ballast degradation for track maintenance costs 

and reprofiling and renewal costs for wheel maintenance cost. Thus, the UCM method still 

needs a lot of development to determine the maintenance cost since the comparison does not 

shows the same pattern at one of the UCM maintenance cost at 2014.  

In order to obtain the better results and reduce the impact of wheel profile measurement 

variability, adding more wheel profiles and compiling the worn wheel profiles into one-wheel 

profile could be used. 
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6. Conclusions and Future Work 
 

The simulation result shows an indication that the wheel profile after changing brakes 

material with different cases of track leads higher RCF damage, 6.75 times higher for new1 

and 3.77 times higher for new2 wheel profiles, compared to the worn wheel profile before 

changing brake material. It will be much better if the real track condition is considered since 

this research use a lot of assumption of track condition especially the curve radius of the 

track.  

The UCM calculation shows that the wheel profile after changing brake material leads to 

higher track maintenance costs, 9.3% higher for new1 and 2.8% higher for new2 wheel 

profiles, compared to the worn wheel profile before changing brake material. The result 

shows that the wheel condition slightly affects the wheel wear since the energy dissipation 

on the wheel especially after changing the block brake with composite material is also higher 

before changing the block brake material.  

Moreover, The UCM calculation show that the wheel profile after changing brake material 

leads to higher wheel maintenance costs, 1.04% higher for new1 and 4.3% higher for new2 

wheel profiles, compared to the worn wheel profile before changing brake material. The 

result is pretty accurate to determine the wheel maintenance cost. However, the assumption 

such as cost of reprofiling and replacing need to be determined based on the actual cost. 

The UCM calculation results indicates that the UCM methods still needs further development 

in order to obtain an exact result since the comparison between Trafikverket track 

maintenance cost and UCM calculation maintenance cost per mileage give different pattern. 

1.1. Future Work 

The simulation with using more wheel profile before and after changing brake material 

should be considered in order to get a statistical advantage when comparing the all of the 

results. It will be much better if the real track condition is considered since this research use 

a lot of assumption of track condition especially the curve radius of the track.  

UCM calculation on track maintenance cost would be better if the maintenance cost due to 

track RCF and ballast degradation is considered in calculation. Additionally, Archard’s 

model which is one of the methods to calculate the track wear could be utilized so the energy 

dissipation and Archard’s model can be compared and see which one gives a better and 

accurate results.  

UCM calculation on track maintenance cost can be investigated by replacing the assumption 

with the actual data. Updating the wheel profile when the simulation like Hossein-Nia has 

done [16] so-called wear step method is also one of the suggestions in the future and the 

measurement wheel profile data can be put in the middle of the calculation to obtain a better 

result. In order to obtain more precise result, the wear step method would need to be validated 

with the actual measurement. 
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The other factor of UCM calculation such as noise and unavailability cost also need to be 

considered to calculate the total cost per year. The result could be much accurate if those 

factors are used on calculation. 

Adding more wheel profile into simulation or compiling some worn wheel profiles into one-

wheel profile could be another methods to obtain the better result in order to decrease the 

possibility of measurement error. 
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