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Abstract 

Wheel profile optimization has improved the performance between the wheel tread and rail on freight railways, which are 

primarily made up of tangent tracks and large curved tracks. However, it is impossible to overlook the flange wear brought on by 

the sharp curves that run along the tracks and toward the yards. This paper aims at analyzing how different parameters like curve 

radius, superelevation and curving speed after a given distance of operation, such as 20000 km influence wear along the curve 

during operation. A multifaceted research approach combining modeling and data analysis techniques was required to fully 

understand freight wheel wear in curves. Mathematical models estimated stresses and wear rate based on curve geometry, speed, 

and loading conditions. Simulations examined complex interactions between influential factors. The results show that when the 

above distance is run under different curve radius creep, the wear volume increases from 6.8 mm to 3.7 mm as the radius 

increases from 600 to 1200 m, especially on the outside wheels. Wear increased from 6.6 to 7.8 mm as the speed increased from 

40 to 100 km/hr. after a distance of 20000 km. Increasing the superelevation from 80 to 140 mm reduced wear due to improved 

curves from 7.1 to 6.7 mm after 20.00 km, and a significant decrease in wear volume from 8.9 to 2.3 mm outside wheels after a 

20.00 km operational distance. 

Keywords 

Multi-body Analysis, A Chard Law, Wear Model, Curved Track, Superelevation 

 

1. Introduction 

The Railway history in Ethiopia can be traced way back a 

century with the construction of a 784 Km railway in 1917 

linking the capital Addis Ababa with the port of Djibouti [1] 

but the operation was phased out (disrupted) due to the ab-

sence of maintenance and repair. The line had reached Akaki, 

only 23 kilometers from the capital city by 1915, and two 

years later came to Addis Ababa itself [2]. This marked the 

official commercial opening of the 784 km long railway, 

although the Station of Addis Ababa was not inaugurated until 

3 December 1929. The Ethio-Djibouti Standard Gauge 

Railway (EDR) was established in April 2017 to better logis-

tics and transportation connectivity between the two countries. 

This project was expected to be able to drive the economic 

growth of Ethiopia. This is because the import-export of 

Ethiopian commodities was wholly dependent on the port of 

Djibouti. This can be said because at least 95% of Ethiopia’s 

Import & Export trade transits through the Port of Djibouti 

with only limited trade through Port Sudan [3, 4]. 
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The freight railways are mainly composed of tangent tracks 

and large curved tracks, and the performance between the 

wheel tread and rail has improved by wheel profile optimiza-

tion [5, 6]. However, the sharp curves exist along the tracks 

and towards the yards, and the flange wear caused by it cannot 

be ignored [7]. The main reason for wheel flange wear is due 

to stress concentration caused by the contact between the 

wheel flange and the rail gauge corner. A large wheel flange 

force under a sharp curve of 1,200m for a normal section and 

800m for a difficult section will inevitably cause severe wheel 

flange wear and side rail wear which becomes the decisive 

factor for rail replacement on a curved track [8]. 

Wheel/rail wear problems have become serious, especially 

in terms of circular wheel wear and hollow tread wear [9]. 

Severe wheel tread wear causes an increase in wheel flange 

height and running resistance; it can also affect vehicle sta-

bility and ultimately can lead to derailment. Once a wheel is 

worn or otherwise damaged, it must be reprofiled to recover 

the standard profile of the wheel flange and tread. Reprofiling 

is expensive, and the amount of metal removed from the tread 

surface during the cutting process is often greater than the 

amount of metal lost to wear [9-24]. 

Several types of research studies have been made on the 

wear of railways under different curve parameters. Taylor and 

Wu 2020 [25], calculated vehicle curving performances with 

different wheel and rail profiles and predict the evolution 

trend of the wheel and rail wear. J. Wang et al. 2015 [17] 

found that a high-order transition curve and extending the 

transition curve length can improve the railway vehicle's 

driving performance on the curve and reduce the curve rail 

wear. 

Dirks 2015 [20] studied the measurement of the wheel on 

rail fatigue and wear using the wear and rail contact fatigue 

(RCF) models and the objectives were to gain insight into the 

causes of the wear and RCF damage and also obtain an over-

view of the existing wear and WRC models. He found the 

highest wear on rails depends on whether the rail is located in 

a curve or on a straight track and it exists on the outer rail of 

the curve on the gauge corner. 

Ye et al. 2021 [8] used Hertz’s theory to solve the 

wheel-rail normal contact problem and FASTSIM to solve the 

tangential contact problem. Different wear modeling ap-

proaches were discussed, mainly based on the proportionality 

of wear with the energy dissipated at the contact. To be able to 

compare data and numerical results, a smoothing procedure 

was applied to the updated wheel profile. 

Stuart L. 2021 [9] provided a model of wheel wear based on 

the relationship between longitudinal and lateral primary 

suspension stiffness and the coefficient of friction at the cen-

ter plate between the wagon body and the bolster, and they 

discovered a significant increase in wheel wear with in-

creasing longitudinal primary suspension stiffness. 

Telliskivi and Olofsson in 2015 [26] pointed out that the 

matching of worn wheel and rail profiles would easily lead to 

the contact between wheel flange and the inner side of the rail, 

which intensified the rail side wear. 

1.1. Modelling of Wheel Wear 

Current models attempt to quantify wear index, with most 

theories assuming wear is proportional to energy dissipated 

within the contact patch. Material loss is also proportional to 

frictional energy dissipated in the contact patch (Tγ), which is 

expressed as the sum of creepage and creep force for lateral, 

longitudinal, and spin components. Models assume the mate-

rial loss is proportional to the frictional energy dissipated in 

the contact patch (Tγ). Tγ is expressed as the sum of the 

products of the creepage and creep force for the lateral, lon-

gitudinal, and spin components, as illustrated in Equation 1. 

T𝛾 = [𝑇𝑦𝛾𝑦] + [𝑇𝑥𝛾𝑥] + [𝑀𝑧𝜔𝑧]         (1) 

Where 𝑇𝑦, 𝑇𝑥 are lateral and longitudinal creep force re-

spectively, and 𝑀𝑧 is spin creep moment. 𝛾𝑦, 𝛾𝑥 are lateral 

and longitudinal creepages, and 𝜔𝑧  is spin creepage, the 

spin creepage contribution is dismissed; the result is called 

the wear number. 

1.2. Calculation of Wear Loss 

The Archard's wear model [27-30] is based on the as-

sumption that the volume of removed material is proportional 

to the dissipated energy. The dissipation of energy is the work 

done by frictional forces so wear is only present in the sliding 

part of the contact. This model is derived using the theory of 

asperity contact and was first done by Ekberg in 2016 [21]. 

The Archard equation for the wear volume is shown by 

Equation 2 as follows. 

V
wear 

= k
Ns

H
                   (2) 

The wear volume is proportional to both the normal force, 

𝑁, and the sliding distance, 𝑠. 𝐻 is the hardness constant of 

the softer material and 𝑘 is a wear constant normally ranging 

from 10−8 to 10−2. The magnitude of the loading, the ma-

terial, and the local friction are typically the factors influ-

encing 𝑘. 

The total wear depth of wheel (e) is represented by wheel 

wear depth per unit of mileage. αi and βj are used to represent 

the weights of curve Wm and speed Vn, respectively. The wear 

depth per unit of mileage can be expressed by the Equation 3. 

∑ ∝𝑖
𝑁𝑤
𝑖=1

∑ (𝛽𝑖𝑗 . 𝑒𝑛(𝑥))
𝑁𝑣
𝑖=1 , k=l, r            (3) 

where 𝑥 is the lateral coordinate across the wheel profile, and 

𝑒𝑙 and 𝑒𝑟 are the wear depth of the left and right wheels of the 

unit mileage, respectively. The maximum wear depth per unit 

of mileage𝑒𝑚𝑎𝑥 of left and right rail pairs is calculated in the 

following Equation 4. 
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𝑒𝑚𝑎𝑥 = 𝑚𝑎𝑥𝑘 {𝑚𝑎𝑥{𝑒𝑘,𝑙(𝑥)}, 𝑚𝑎𝑥{𝑒𝑘,𝑙(𝑥)}}         (4) 

2. Methodology 

The wheel profile of a rail vehicle interacts with the rail at 

varying speeds, causing contact with the rail. The wheel's 

position and size change with each revolution, influenced by 

factors like vehicle suspension, track design, and rail profiles. 

Simulation is crucial for predicting wear. 

Due to simulation time constraints, it is generally not pos-

sible to simulate all contacts occuring between a certain wheel 

and the rails for a vehicle operating an entire railway network. 

An important task is therefore to find ways of selecting rep-

resentative track parts and conditions. The methodology is 

here based on a load collective concept, where the load col-

lective is a set of dynamic time-domain simulations that is 

chosen to expose the wheel to contacts with the rails that it is 

likely to encounter in reality. The load collective design pro-

cess is discussed in Section 3. In Figure 1 the methodology 

flow chart of the present tool is shown. 

The rigid model of a freight train was used to simulate wear 

on the vehicle system, including car body, bogie frames, and 

wheelsets. The Archard wear model was used to study the 

effects of curve radius, superelevation, and rail cant on wear. 

Simulation analysis was conducted on different wear degrees 

of wheel-rail profiles, concluding the influence of the law of 

wear tread on dynamic performance. The Ethio-Djibouti 

vehicle model is developed using commercial multi-body 

simulation software SIMPACK and the Archard wear model. 

The multibody model exchanges data with the Archard model, 

evaluating contact points, wheel-rail contact forces, and 

creepages. The removed material depth and distribution are 

obtained, and the wheel profile is updated for new wear cal-

culations. 

 

Figure 1. Wear analysis flow chart. 

In this research, wheel wear prediction involves an iterative 

coupling between an Ethio-Djibouti vehicle model developed 

using commercial multi-body simulation (MBS) software 

SIMPACK and Archard wear model. In Figure 1, the flow 

chart of the iterative process is demonstrated, During the 

simulations, the multibody model continuously exchanges 

data at each time step with the Archard model, passing the 

wheelset variables' contact points, the wheel-rail contact 

forces, and the creepages, which are evaluated through the 

FASTSIM algorithm. Once the multibody simulations are 

http://www.sciencepg.com/journal/ijimse
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completed, the removed material depth and its distribution 

along the wheel profile are obtained. Finally, the wheel profile 

will be updated and used for new wear calculations. 

The SIMPACK software offers the Archard wear model to 

calculate wear depth and wear distribution along wheel pro-

files. The Archard wear model is a function of the sliding 

distance, normal force, and hardness of the material. The wear 

volume of the material worn away is proportional to the product 

of the sliding distance and the normal force and inversely pro-

portional to the hardness of the worn material. The sliding dis-

tance and normal force, which are input to the Archard model to 

calculate wear depth, were obtained through vehicle modeling 

and dynamics calculations based on the FASTSIM algorithm. 

To apply the wear model in SIMPACK, first define a result 

element of the Archard law for each wheel whose wear is to be 

determined, and the value of wear coefficients is filled based 

on the wear map which is summarized in Table 1. 

Table 1. SIMPACK wear coefficients inputs [22]. 

Wear coefficients Value 

(k1) Mild 1 0.0005 

(k4) Mild 2 0.0005 

(k3) Severe 0.0035 

(k1) Seizure 0.035 

The hardness of the material (N/𝑚2) 3000000000 

Relative velocity limit mild1-severe 0.2 

Relative velocity limit severe-mild2 0.7 

Relative hardness limit 0.8 

Wear coefficients are usually constant. However, there are 

three wear regimes: mild wear, severe wear, and seizure, each 

with its own set of wear coefficients. Mild wear is oxidative, 

resulting in the characteristic brown powder visible all along a 

train track. Small metal flakes peel away from the base ma-

terial as a result of severe wear. Seizures destroy the material 

surface. When certain parameters change, such as when the 

relative velocity or pressure exceeds or falls below a given 

value, the transitions between wear regimes occur abruptly. 

3. Results and Discussion 

The simulated wheel wear result will be visualized by 

evaluating the wear depth influence of different parameters 

like curve radius, curving speed, superelevation, and rail cant 

on wear along different curves will be addressed. The results 

of the first wheelset that is to say the right and left wheels will 

be analyzed and the third wheelset will be analyzed for some 

scenarios. 

3.1. Effect of Curve Radius 

The curve radius in the simulations varied from 800 to 1200 

m and the super-elevation values ranged from 0.06 to 0.03m, 

which represent the narrowest and the largest curve, respec-

tively. The speed of the train was 60 km/h for all the curves 

considered. The track has got curves of up to 600m but for a 

better analysis, narrow curves were considered because they 

bring out the maximum impact of the cases considered. 

The vehicle is assumed to run on a straight track first, then 

on a bloss transition curve before entering a circular curve, 

and then on a bloss transition curve and straight line in the 

final stage, with the total distance corresponding to the radius 

shown in Table 2. 

Table 2. Sebeta to Meiso phase 1 project curve length. 

Curve Radius (m) Length (m) 

600 190 

800 180 

1000 140 

1200 120 

At the same safe curving speed v = 60 km/h, with a bal-

anced rail cant gradient of 1/40 track curves of 600m, 800m, 

100m, and 1200m were analysed and their corresponding 

superelevation was calculated according to the Equation 5 

below. 

𝑆𝑢𝑝𝑒𝑟𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 =
𝐺𝑉2

127𝑅
              (5) 

The simulation analysis conducted under the corresponding 

characteristic curves is shown in Table 3. 

Table 3. Ride comfort index due to vehicle speed with overload 

passenger’s carrying load and two polygonized wheels. 

Curve Radius Variation Calculated superelevation (m) 

600m 0.06 

800m 0.05 

1000m 0.04 

1200m 0.03 

Using the above parameters four simulations were carried 

out and the corresponding longitudinal creep forces and de-

railment coefficient were recorded. 

http://www.sciencepg.com/journal/ijimse
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Figure 2. Effect of curve radius on wear. 

The lateral forces and longitudinal creep forces are very 

high on the left wheel of the leading wheelset when the curve 

radius is small which indicates there are high stresses on small 

curves which also leads to high wear volumes removal of 

6.8mm. However, as the curve radius increases from 600m to 

1200m the wheel-rail lateral force, longitudinal creep forces, 

and wear volume reduce accordingly as seen in Figure 2a and 

2b. 

Figure 2c above observed that the creep forces of the left 

wheel are higher (18.5kN). 

3.2. Effect of Curving Speed 

Using a curving peed of 40, 60, 80 and 100 km/respectively 

when the vehicle passes the center of the curved track some of 

the compared to that of the right wheel (13.5kN) this is be-

cause as a train enters the curve, wheel–rail interaction is 

intensified by ‘irregularity’ (railway alignment design), and 

the wear increases. As the train pulls out of the curve, the 

influence of ‘irregularity’ on the wheel–rail interaction de-

creases and the wear is alleviated. 

 

 

 
Figure 3. Effects of speed on wear on curved track. 
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From Figure 3, the difference between the normal loads of 

the left and right wheels increases with increasing curving 

speed. This is mainly caused by the increasing of the cen-

trifugal force of the vehicle due to the increased curving speed. 

When the speed increases from 40 to 100 km/h, the total 

lateral creep force of the leading wheelset (WS1L) increases 

hence leading to an increase in wear volume of 7.8mm. The 

lateral force is caused by thAe curved track, and in the oppo-

site direction of the Y-axis. A common trend can be found 

where the wear first increases and then decreases. This ten-

dency is the result of the fluctuation of wheel–rail forces 

throughout the curve. 

The rail wear caused by the outside wheels (WS1L and 

WS2L) decreases with the speed increasing from 40 to 60 

km/hr and increases from 60 to 100 km/h. The wear caused by 

wheels (WS1R and WS2R) grows with increasing speed. For 

the cases of the different speeds varied, the rail wear volume 

caused by WS1L is the largest and continues to increase with 

further increasing the speed. But, the increase of the curving 

speed is limited by the super-elevation of the curve track. 

Otherwise, the difference between the normal loads on the left 

and right wheels of the same wheelset further increases. 

3.3. Effect of Superelevation of Wear 

In the efforts of improving wear along the curve, optimiz-

ing the sizes of the track is a good measure. Analysis was 

carried out when the curving speed is v=60 km/h. The su-

per-elevation ht is selected as 80, 100, and 120mm, respec-

tively. 

From Figure 4b on reducing ht the WS1L and WS3L or the 

outside wheels of the leading wheelset dominate the wear as 

seen from the high loads experienced that lead to a high wear 

volume of 7.1mm and 6.7mm respectively. This is because of 

the centrifugal force that pushes the wheelset outward hence 

increasing the creep forces and wear. However, the normal 

loads of the left wheels (WS1L and WS3L) decrease linearly 

with increasing ht hence reducing the wear depth to around 

7.1mm and 6.7mm respectively. Increasing ht is beneficial to 

the safe curving of the vehicle and the equilibrium use of rail 

life in service since less wear volumes are experienced as it 

increases. 

 
Figure 4. Effect of super elevation on wear. 

3.4. Validation 

The work carried out by Li et al. [19] was used to validate 

the result. The wear depth in the contact patch was based on 

Archard's model and extensive field measurements of the 

wheel/rail profile were carried out on the curves of the on 

different curves but the main analysis was carried out on the 

500m curve radius because its wear is more serious than the 

rest. The field results indicated that a max wear depth of 9mm 

was realized after a distance of 200,000km which is close to 

the results of 6.8mm obtained when the curve radius used was 

600m and a running distance of 20,000km These differences 

are mainly induced by many factors such as track irregulari-

ties, friction coefficient, longitudinal slop, traction, braking, 

etc. 

4. Conclusions 

Computer based simulations play an important role in in-

vestigating wheel rail wear in curves. Advanced multi-body 

dynamics software allows virtual analysis of factors like rail 

cant, radius, speed. These simulations utilize wear and con-

tact mechanics models to estimate stresses and wear progres-

sion. However, simulation results need validation through 

physical experiments. Laboratory testing utilizes wheel-rail 

test rigs under controlled conditions to measure wear, forces. 

Field trials are also essential to evaluate wear in real world 

conditions on commercial tracks. Combining modeling, lab 

tests and field trials provides important insights into funda-

mental wear mechanisms and the influence of operational 

and environmental conditions. 

The study unequivocally shows that for freight trains, 

http://www.sciencepg.com/journal/ijimse


International Journal of Industrial and Manufacturing Systems Engineering http://www.sciencepg.com/journal/ijimse 

 

7 

wheel wear rates increase exponentially with tighter curve 

radii, insufficient cant, and higher curving speeds. Increasing 

cant past equilibrium results in diminishing returns. Wear 

can be decreased with optimal speed restriction and the best 

cant deficiency based on traction and radius. In order to re-

duce wheel-rail wear in curves, the validated wear prediction 

model offers a valuable tool for traffic management and 

railway maintenance planning. 
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