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ABSTRACT 
From the tribology point of view how a wheel material wears does not only depend on the nature of the material but also 

other elements of the tribo-system such as geometry of contacting pairs, surface topography, loading, lubrication and 

environment. The mechanisms causing such damage usually are complicated and most of the time it is not possible to 

distinguish one from another. However, there have been many attempts to predict the wheel profile wear based on theories 

of tribology and solid mechanics. Most of these studies neglect the plastic deformation and focus on uniform wear instead. 

Among the proposed wear prediction methods Jendel used Archard’s approach. He has developed his model using a 

complete set of input data reflecting the track and traffic conditions. For the normal contact problem he deployed the 

Hertzian solution and for the tangential problem he used Kalker’s FASTSIM algorithm. Among many benefits of this 

model like its simplicity and accuracy, it is computationally time demanding. Often it takes several days of continuous 

calculations to estimate the wear of a wheel profile corresponding to i.e. 50,000 km running distance. Therefore, it is 

almost not possible to use this method in a wheel profile optimization model where one needs to control and check 

hundreds of wheel profiles for example with a genetic algorithm. In this paper it is tried to reduce the calculation time by 

applying a number of simplifications. Then the results are compared with the results using full Jendel approach. The 

simplifications are firstly, based on the fact that energy dissipation and wear depth are linearly related and secondly, 

extrapolation of wear assuming that the wear trend is not changing dramatically. In some cases the computational effort 

reduced by more than a factor of 20; however, the comparison of results with the reference wheel profiles suggests that the 

approach is more accurate in simulation of shorter distances.                
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1 INTRODUCTION 

In the development of uniform wear prediction methods 

many researchers have used the fact that the wear rate in 

the contact zone is proportional to the dissipated energy. 

Important contributions can be found in studies from 

Kalker
1
, Pearce and Sherratt

2
 and Ward

3
. 

Other authors such as T. Jendel
4
 and R. Enblom

5
 use 

Archard’s approach, where the wear rate is proportional to 

the quotient between the normal load and the hardness of 

the material. The proportionality factor depending on the 

sleep velocity and the normal pressure in the wheel-rail 

contact is considered to be one of the four regimes 

presented in a “wear map” in Figure 1. This wear map is 

introduced by Olofsson and Telliskivi
6
 after investigating 

the evolution of the rail profiles of a commuter track 

within two years together with performing several 

laboratory tests with two different testing machines: a 

two-roller (disc on disc) and a pin-on-disk machine.   

 
Figure 1: Wear map for wheel and rail steel with typical regions of tread 
and flange contacts; H is the hardness of the material. 

In an ongoing project at KTH Rail Vehicles Unit, 

Archard’s method has been applied to predict the 

evolution of some proposed wheel profiles for the iron-ore 

locomotives in northern Sweden before implementing 

them for field tests.  

The used methodology is based on a load collective 

concept, which determines a set of dynamic time-domain 

simulations. These simulations reflect the actual rail 

network; for this study, each wear step includes nine 

different simulation cases. After c.a. 40,000 km of 
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simulation, good agreement between the simulated and 

measured worn profiles is achieved. 

The average calculation time for simulating wear on the 

wheels for c.a. 470 km is more than one hour even on 

powerful computers. Moreover, the calculated wear depth 

is not a direct result of the time domain simulation sets but 

a result of post-processing of the simulation outputs. 

Therefore, it is very challenging to use this technique in a 

wheel profile optimization process where the long term 

stability of the profile (such as avoiding flange wear) is 

one of the goal functions. Thus, there is a need to find a 

reliable and fast method that can replace the current wear 

calculation method. In this work the authors have tried to 

maintain linear relationships between the wear depth and 

the calculated wear number (time domain simulation 

output) partially along the wheel profile in small intervals. 

In order to use the energy dissipation approach, which is 

computationally less costly as it avoids post-processing, 

wear coefficients must be experimentally obtained for the 

specific material combination. We propose to use the 

already validated results achieved with Archard’s method 

in combination with the energy dissipation method in 

order to achieve the desired reduction in simulation time.  

2 CALCULATION PROCESS 

In this section some of the key parts of the calculation 

methodology of the model are discussed. This includes the 

simulation of short term dynamic behavior and the long 

term damage mechanism. 

2.1  Operational Cases 
A set of time-domain simulation cases is prepared to 

reflect the actual rail network. The designed parameters 

include track geometry, irregularities, rail profiles, 

lubrication, vehicle speed, traction and braking.    

Based on the statistics of the measured track design 

geometry of the iron-ore railway line, nine track sections 

have been chosen. Details of each section are presented in 

Table 1. The process of choosing the track design 

geometries of the simulation cases is well described in 
8
. 

The fifth column of Table 1is the contribution of the 

length of each curve interval (R) to the total length of the 

line (LT=470 km). The calculated wear number for each of 

these nine simulation cases are weighted with their 

network proportion (column 5 of Table 1) and summed up 

at the end.   

Table 1: Details of track design geometries for each simulation case 

concluding a wear step 
R 

(m) 

Radius 

(m) 

Transition 

in and out 

(m) 

Constant  

curve(m) 

Length 

 (%) 

Cant 

(mm) 

Gauge 

(mm) 

≤350 305 80 270 4.4 68 1444 

350-400 368 100 210 0.9 61 1443 

400-450 409 175 140 1.5 66 1448 

450-600 547 145 227 13.9 51 1447 

600-800 648 140 210 16.1 46 1445 

800-1000 934 170 200 7.9 37 1444 

1000-1300 1102 110 210 5.4 33 1443 

1300-1500 1395 110 190 1.8 28 1440 

>1500 ∞ - 500 48.1 0 1435 

 

The track irregularities are also chosen based on 

measurement data. Note that for quantification of the 

irregularities the International standard UIC518 is used 
9
. 

 

 
Figure 2: Existing nominal rail profiles on the iron-ore line (rail 
inclination 1/30) 

Various types of rail profiles are installed on the iron-ore 

line depending on curve radius and on whether the track is 

located in Norway or Sweden. As around 75% of the tight 

curves (below 600 m radius) are located on the Norwegian 

side of the line we only used the Norwegian standard for 

the tight curve sections. Likewise, for 88% of the medium 

(600-800 m) and wide curves (above 800 m radius) it was 

reasonable to use the Swedish standard for the wide curve 

sections. All the nominal (non-worn) rail profiles of the 

iron-ore line are compared in Table 2.    

Table 2: Distribution of the rail profiles for present iron-ore line; the 

chosen rail profiles for the simulation cases are marked in red 
 Curve radii ≤ 600m Curve radii > 

600m 

Straight track 

 High rail Low 

rail 

High 

rail 

Low 

rail 

High 

rail 

Low 

rail 

Norway MB1_assymetric MB4 MB4 MB4 MB4 MB4 

Sweden MB1 UIC60 MB1 UIC60 MB4 

UIC60 

MB4 

UIC60 
    

   

The speed of the locomotive is also chosen according to 

the sections’ curve radii, i.e. 50 km/h for the tight curves, 

55 km/h for medium curves and for wide curves and 

straight track 60 km/h is chosen. Note that the locomotives 

are always carrying ballast and have an axle load of 30 

tonne but the weight of the wagons changes between laden 

and tare. This means that the load pulled by the 

locomotives changes every 470 km of running distance.  

2.2 Lubrication  
As the locomotives are equipped with a wheel flange 

lubrication system, the wheel-rail friction is different on 

the flange side compared to the field side. Therefore, in 

the simulations, the friction value for the flange side 

(starting from the flange root at 35 mm from the nominal 

rolling radius point) is 0.1 while for the field side of the 



wheel, it is 0.4. Note that there is a transition length 

between the two areas of around 10 mm where the friction 

value changes linearly between the two limits as shown in 

Figure 3.  

 
Figure 3: Variation of friction coefficient values along the wheel profile 

due to flange lubrication. 

2.3 Traction and Braking  
All the axles of the locomotives are driven. To include 

effects of traction on loco wheel damage, the total running 

resistance force for each of the nine simulation cases is 

calculated. This force is applied at the end of the 

locomotive at the buffer height. The applied force would 

decrease the speed gradually until it stops the vehicle. In 

order to avoid this, the locomotive simulation model 

includes a PID controller to keep the speed of the vehicle 

constant by applying the required torque on the gear 

boxes. The same procedure is applied for including the 

braking effects; however, this time the force will be in the 

direction of the vehicle speed and tends to push the vehicle 

further. This is the case in downhill sections on the 

Norwegian side of the line, where the train is fully loaded. 

As the drivers are told to not use braking forces above 500 

kN (for both loco units) unless necessary, the limit of the 

simulated braking force is set to this value. It is assumed 

that the rest of the required braking force is taken care of 

by the pneumatic tread braking system of the wagons. For 

details of the calculation of the resistance forces see 
10

. 

Generally, the most important part of the total drag force 

for a low speed heavy haul vehicle is the gradient 

resistance. According to the topography of the line (from 

Sweden to Norway) the RMS value of the line gradient on 

the Swedish side is 6.84       , while the mean value is 

1.47       . However, these values on the Norwegian side 

are 13.61        and -13.44        respectively. Therefore, it 

is decided that the gradient of the each section is randomly 

chosen between 0, -6.84         and +6.84         for the 

simulation cases located in the Swedish side. For the 

sections located on the Norwegian side, depending on 

whether the train is loaded or empty, the gradient is set to 

-13.61        and 13.61        respectively.  

2.4 Wear prediction 
As indicated in section 1, linear relations can be 

maintained between the wear rate and the dissipated 

energy per unit distance rolled     per unit area   along the 

wheel profile depending on the wheel-rail contact 

position. The so called Wear Number 
  

 
 is easy to obtain 

after each dynamic simulation and avoids the post 

processing of the contact patch for each time simulation, 

as Archard’s wear model does. To obtain the relativity 

factors between the wear depth and the wear number, we 

use the already validated results from 
11

. The methodology 

of the mentioned work is based on T. Jendel‘s work 
4
. The 

time domain simulation sets are described in sections 2.1, 

2.2 and 2.3. Figure 4 shows the comparison between the 

calculated worn wheel profile obtained by Archard 

method and the measured wheel profile after around 

40,000 km, the figure is presented in [11]. 

 
Figure 4: Comparison between the measured and the simulated wheel 

profiles after 40’000 km of running distance 11 

As in every 470 km (each wear step) the weight of the 

wagons is changed from laden to tare and vice-versa, the 

ratios between the wear number and wear depth are 

computed separately according to the loading case.    

Figure 5 (a) and (b) show the median values of the wear 

depth and wear number, respectively, for 29 wear steps 

with the total simulation distance of 13630 km calculated 

for the case of loaded wagons and Figure 6 (a) and (b) 

show the same information for empty wagons. Note that to 

obtain Figure 5(b) and Figure 6(b), the calculated wear 

number values are summed up in each of the wear steps 

for the nine simulation sets on both right and left wheels 

and finally  the median values are calculated over the total 

number of wear steps. In both figures the standard 

deviations of wear number values and wear depths of all 

the steps are also estimated and shown by blue lines. As it 

is seen in the figures wear number values are more random 

at the flange area than at the tread area. This is the 

opposite for the wear depth values as lubrication is applied 

at the flange area and the Archard wear coefficient is 

modified for this region.  

 



 
Figure 5: (a) Median values and standard deviation of the calculated 
wear depth and (b) wear number as functions of lateral wheel position 

calculated for the case of loaded wagons after 13630 km running 

distance. 

 

 
Figure 6: (a) Median values and standard deviation of the calculated 

wear depth and (b) wear number as functions of lateral wheel position 

calculated for the case of empty wagons after 13630 km running 
distance. 

As the figures show there is not much difference between 

the laden and tare cases as the locomotives are always 

running with 30 tonne axle load. Finally, the quotient 

between the wear depth and wear number values is 

calculated and called Wear Ratio (Figure 7).  

 
Figure 7: Wear ratio as a function of lateral wheel position calculated for 
(a) the case of loaded wagons and (b) the case of empty wagons 

 

These wear ratio values are used to calculate the 

corresponding wear depth for each wheel profile lateral 

position interval with the proposed simplified method 

after extracting the wear number values from the outputs 

of the nine mentioned simulations. Therefore, there is no 

need to post-process the force and creepage distribution at 

the contact patch for the wear calculation method which 

reduces the calculation time significantly. In order to 

assess the validity of this simplified method, the results 

are then compared with the ordinary “Jendel” method
4
 .  

3 RESULTS AND DISSCUSION 

By using the calculation technique discussed in Section 

2.4 calculation time is approximately halved. As it is 

mentioned, every wear step covers 470 km of running 

distance, and thus the calculation time for estimating wear 

on an iron-ore wheel profile after 40’000 km takes around 

40 hours which is still half of the original model 

calculation time. However, even this reduction in 

calculation time is not enough for a profile optimization 

process where one needs to check the status of hundreds of 

wheel profiles. Therefore more simplifications are applied 

to address the issue. To test the sensitivity, the amount of 

wear is extrapolated after 940 km which is one full wear 

step when the wagons are fully loaded and one full wear 

step in the un-loaded case. Each extrapolation step 

contains wear of wheel profiles corresponding to 940 km 

running distance. For example by summing 10 

extrapolation steps it is possible to estimate the calculated 

wear corresponding to 9,400 km. Note that after each 

extrapolation step the calculated wear is smoothed to 

avoid any unrealistic wheel profile shape.  In order to 

check the validity of the technique various extrapolation 

step sizes are chosen and the results are compared with the 

worn wheel profile obtained from the classic wear 

calculation method 
4
. The various cases are further 

explained in the following. 

 Case 1: The wear is calculated for the first 940 km and 

then extrapolated 5 times until around 5,000 km. 

Moreover, the wheel profiles are updated and new 

time simulations are performed for 940 km. The wear 

obtained in this stage is extrapolated again for 5 times 

to reach a wear state corresponding to around 10,000 

km running distance. The process is repeated until the 

desired 40,000 km running distance is achieved. The 

whole procedure takes around 8 hours. 

 Case 2: The first stage is the same as case 1; however, 

the number of extrapolation steps is set to ten and the 

profiles are updated every 10,000 km approximately. 

The entire process takes around four hours. 

 Case 3: As in the other cases the wear is first calculated 

for 940 km. In this case the number of extrapolation 

step numbers is set to 15 and the calculation time is 

around 3 hours. 

 Case 4: In the last case the profiles are updated and the 

simulations are launched again after 20,000 km 

running distance which corresponds to around 20 

extrapolation steps. The entire process takes around 

two hours. 

Figure 9 shows the difference between the reference worn 

wheel profile and the extrapolated ones for the different 

extrapolation cases listed above. Note that the reference 

wheel profile is the simulated worn profiles obtained from 

Jendel’s work
4
 and presented in Figure 4. As it is seen in 

Figure 8 in all the cases the difference are less than one 

millimeter. However, in the worst case, Case 4, where the 

fewest number of simulations is performed the difference 

of the reference profile and the extrapolated one gets close 

to one millimeter at the flange side.  



 
Figure 8: Difference between the simulated and extrapolated worn wheel 

profiles after around 40,000 km of running distance for the first axle. 

 
Figure 9: Total material removal error with respect to the reference worn 
wheel profile obtaining from the classic method cf. Figure 4 for the first 

axle. 

Another way to compare the extrapolated profiles with the 

reference worn profile is to calculate the total material 

removal after 40,000 km running distance. The results for 

the first axle are shown in Figure 9. As it can be seen in the 

figure the least error with respect to the reference worn 

wheel profile is for Case 1 where the highest number of 

simulations is performed. The process is repeated for the 

second axle and the results are shown in Figure 10 and 

Figure 11. 

 
Figure 10: Subtraction of simulated and extrapolated worn wheel profiles 

after around 40,000 km of running distance for the second axle. 

 

Figure 11: Total material removal error with respect to the reference 
worn wheel profile obtaining from the classic method cf. Figure 4 for the 

second axle. 

Almost the same results as for the first axle are achieved 

for the second axle. However, results for the Case 2 stands 

out and is not following the trend of the first axle.  

4 CONCLUSIONS 

This paper is mainly a result of an investigation into 

whether it is possible to avoid the post processing part in 

Jendel’s wear calculation method and to obtain wear depth 

as a direct output of any multibody simulation and to 

reduce the total wear calculation time. To achieve the first 

goal, a so called wear ratio is introduced. The wear ratio is 

the quotient between the calculated wear depths using 

Jendel’s method and the corresponding wear number 

along the wheel profile. This ratio is used to estimate the 

worn wheel profile by multiplying this ratio to the 

calculated wear number. With this technique the wear 

simulation time is halved. To further decrease the 

simulation time the calculated wear depth obtained by the 

new method is extrapolated several times to achieve the 

worn wheel profile corresponding to the desired distance 

before a new simulation is started. The accuracy of the 



worn profiles is checked by comparing the extrapolated 

wheel profiles and the reference wheel profile. The most 

accurate case is the one with the least number of 

extrapolation steps which still contains 20% error in the 

material removal with respect to the reference wheel 

profile after 40,000 km of running distance. The 

methodology seems to be more valid in shorter simulation 

distances. However, for a wheel profile optimization 

process when one wants to have a control on the shape of 

the profile after some ten thousands of kilometers the 

method can give a reasonable result with much less 

computational effort like for the original method proposed 

by Jendel.  
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