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Article info: 

The most crucial parts that literally sustain the safety of railroad rolling stock 

from the subfloor are the wheels. However, during operation, several random 

parameters can impair their performance, resulting in the train's unsafety. 

These unpredictable characteristics can lead to fatigue failure, especially in a 

CHR2 high-speed train. This study aims to analyse the fatigue life of railway 

wheels for the CHR2 high-speed train due to different random parameters. 

Three scenarios with random parameters were considered: suspension system, 

passenger weight, and train speed. A 3D wheel model created by CAD and 

analyzed with finite element software ANSYS and nCode to validate the model 

by applying static force. A railway vehicle-track dynamics was modeled with 

a 30t axle load using the vehicle-track dynamics theory. Then Monte Carlo 

simulations were performed to produce random samples of sensitive 

parameters and analyze their effect distributions on wheel–rail contact under 

random wheel parameters. The findings demonstrate that the random 

parameters of the suspension system have more negative effects on fatigue life 

compared to random passengers’ weight and train speed; however, random 

passengers’ weight has a less negative impact compared to random suspension 

and passenger weight. The dynamic stress analysis results showed that the 

random suspension system parameters have a high maximum stress compared 

to that obtained from random passengers’ weight and train speed. Moreover, 

the random suspension system parameters have high maximum stress 

compared to that obtained from random passengers’ weight and train speed. 
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1. Introduction

Railway wheels are among the most essential 

components of high-speed trains in terms of 

safety and performance. In recent years, the 

development of railway transport towards 

overload and high-speed operations has indeed 

led to significant advancements in locomotive 

technology. High-power locomotives have 

become increasingly prominent in this area, 

allowing for more efficient and faster rail 

transportation. However, wheels must withstand 
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static, dynamic, and lateral loads while 

maintaining durability and safety, even in 

challenging environments [1, 2].  

Fatigue failure is one of the main causes of 

failure in engineering and mechanical systems. 

Under cyclic loading, if the component reaches 

or exceeds the material fatigue limit, this will 

result in fatigue failure [3]. The number of cycles 

of a material or part in the event of damage is the 

life of the material or part [4, 5]. Fatigue damage 

in railway wheel systems is a significant 

concern, especially with the increasing volume 

of traffic and efforts to improve railway speeds. 

This issue is a critical consideration for ensuring 

the reliability and extended working life of key 

components in the wheel system [3, 6]. The two 

key product performances are safety and 

working life, which is a significant 

manifestation. [7]. These two factors have a 

direct impact on the wheel system reliability. 

Therefore, Railway engineers have already paid 

close attention to the fatigue parameters of the 

wheel system [2, 8, 9]. 

Higher train speeds with increasing axle weights 

and random characteristics, have resulted in 

higher wheel/rail contact forces [10, 11]. When 

the rolling speed is slow, the lateral movements 

concentrate at the zero-tracking center location. 

However, at a certain greater speed, the railway 

wheels lose their stability and declare their 

instability of motion [12]. Additionally, attempts 

have been undertaken to optimize wheel and rail 

design in order to improve performance while 

lowering costs. These developments have shifted 

the primary cause of tire rim degradation from 

wear to fatigue [13, 14]. Unlike the long 

deteriorating process of wear, fatigue results in 

abrupt fractures in wheels or material loss on the 

tread surface [15-18]. These failures may result 

in rail damage, suspension damage, and, in 

certain situations, major train disaster. Railroad 

wheel fatigue is sometimes referred to rolling 

contact fatigue, which is caused by repeated 

contact stress during the rolling action. Similar 

fatigue issues exist in other mechanical 

components that experience rolling contact 

loads, such as gears and bearings [19-22]. No 

current study investigated clearly the effect of 

random parameters on the wheels of CHR2 high 

speed by analysis fatigue life of the wheel. In this 

presented study, three scenarios with random 

parameters were considered: suspension system, 

passenger weight, and train speed, to analyze 

their fatigue life effect on the wheel of a CHR2 

high-speed train. 
 

2. Materials and methods 
     

A 3D wheel model was created by CAD and 

analyzed by finite element software ANSYS and 

nCode to validate the model by applying static 

force. A railway vehicle-track dynamics model 

with a 30t axle load was developed using the 

vehicle-track dynamics theory. Then, random 

samples of sensitive parameters were generated 

using Monte Carlo simulations, and the 

distributions of their effects on wheel-rail 

contact for a set of arbitrary wheel parameters 

were assessed. Fatigue life of the wheel was then 

examined using the nCode after examination of 

the stress and total deformation, and major stress 

using maximum forces from the dynamic 

response. 
 

2.1. Wheel railway model 
 

The 3D wheel of high-speed train, shown on Fig. 

1, was modelled by CAD, and the structural 

analysis of static force was done by ANSYS and 

nCode to obtain stress and fatigue life cycles. 

Using Manson-Coffin equation, as shown by Eq. 

(1) [23], the model was validated by comparing 

the results of static analysis life cycles and 

calculated life cycles. The latter for the wheel 

obtained 2.4045×1016, which was not more differ 

from finite element life cycles results 

(3.005×1010), implying it is safe to operate a 

high-speed train. Also, according to [24-27], the 

static stress obtained was compared to current 

research to validate the model and results 

obtained.  

 

𝜎max ×
𝛿𝜀

2
 = 

(𝜎𝑓΄)
2×(2𝑁𝑓)

2𝑏

𝐸
 + 𝜎f

ˊ×𝜀f
ˊ× (2𝑁𝑓)b+c 

(1) 

 

where, 𝜎max is the maximum stress, 𝛿𝜀 is the 

maximum normal strain,  𝜎𝑓΄ is the stress, Nf is 

the fatigue life cycles, E is the young modulus, 

𝜀f
ˊ is the strain, b and c are constants. The 

mechanical properties of the wheelset are shown 

in Table 1. 
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Fig. 1. Geometry of wheel. 

2.2. Modelling of vehicle-multibody dynamics 

The railway vehicle multibody dynamic model is 

composed of the submodels for the car, track, 

and wheel/rail interaction as shown in the Fig. 2. 

For each of the three categories, the current 

research created a multibody 3D dynamic model 
[5, 28]. A model of the CRH2 high-speed train 

with a 30-t axle load was created to investigate 

the wheel fatigue characteristics of a high-speed 

train-track system under uncertainty parameters. 

The vehicle's equation of dynamic motion can be 

expressed as a submatrix using the finite element 

method and vehicle-track connection in Eq. (2) 

[29]. 

Fig. 2. Multibody model of rail vehicle. 

MVD̈V + CVḊV + KVDV = Pvt (2) 

where D̈V, ḊV, and DV are the vectors of 

acceleration, velocity, and displacement of the 

vehicle subsystem, respectively. . The subscript 

V means the vehicle dynamics and track of the 

subsystem. MV, CV, KV, and Pvt are the 

subsystem matrices of mass, stiffness, damping, 

and external force, respectively. The 3D model 

of wheelset and rail vehicle were modelled by 

Solidwork and Simpack, respectively. The 

parameters for high-speed railway vehicle are 

tabulated in Table 2. 

Table 1. Wheelset mechanical properties [30].
Type Modulus 𝜎f

ˊ 𝜎𝑓΄ Poisson ratio Density 

Wheelset ER8 210GPa 840 0.304 0.3 7500 kg/m3 

Table 2. CRH2 high speed trains mean parameters used in current research [29, 31].
Parameter Notation Value Unit 

Car body mass mc 35067 kg 

Car body roll moment of the inertia Jcx 119200 kg.m2 

Car body pitch moment of the inertia Jcy 1711800 kg.m2 

Car body yaw moment of the inertia Jcz 1615300 kg.m2 

Frame mass mt 3630 kg 

Frame roll moment of the inertia Jtx 2940 kg.m2 

Frame pitch moment of the inertia Jty 1990 kg.m2 

Frame yaw moment of the inertia Jtz 3630 kg.m2 

Wheelset mass mw 1794 kg 

Wheelset roll moment of the inertia Jwx 900 kg.m2 

Wheelset pitch moment of the inertia Jwy 220 kg.m2 

Wheelset yaw moment of the inertia Jwz 950 kg.m2 

Vertical stiffness of the primary suspension per axle side kpz 980k N/m 

Lateral damping of the primary suspension per axle side cpy 5490 kNs/m 

Lateral stiffness of the primary suspension per axle side kpy 1176000 N/m 

Vertical damping of the secondary suspension  cpz 20 kNs/m 

Lateral stiffness of the secondary suspension per bogie side ksy 192 kN/m 

Lateral damping of the secondary suspension per bogie side csy 60 kNs/m 
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2.3. Model simulation 

Monte Carlo simulation is indeed a powerful 

technique for dealing with uncertainty and 

variability in various processes, including those 

involving complex systems like railway 

operations [32-34]. Weibull equation was used 

for three parameters as Eq. (3) [29]; 

f(t)= 
𝛽

ղ
×(

𝑡−𝛾

𝜂
)β-1 × 𝑒

(
𝑡−𝛾

ղ
)𝛽 (3) 

2.4. Random parameter selection for the vehicle-

track dynamics system 

The wheel-rail force in a train system is 

influenced by a wide range of factors such as 

train speed, suspension stiffness, passenger 

weight, wheel profile, railway track irregularity 

and track stiffness [5, 35-37]. Many of the 

variables affecting wheel-rail forces in a railway 

system are subject to chance and can be 

unpredictable to some extent. In this study, three 

scenarios for random parameters were 

considered, i.e., suspension system, passenger 

weight, and train speed. Tables 3–5 show the 

random parameter values for all situations. 
Considering random parameters in suspension 

systems, passenger weight, and train speed is 

crucial for safety, comfort, efficiency, and the 

overall performance of rail transportation 

systems. It enables engineers and operators to 

design and operate trains in handling a wide 

range of conditions while maintaining safety and 

reliability. 

2.5. Formation of the stochastic parameters 

It is uncertain what kind of random parameter 

distribution used in the vehicle-track dynamics 

system. Most parameters have a normal 

statistical distribution in various fields [17, 38]. 

In this study, it was assumed that the probability 

distribution of the random parameters 

influencing wheel-rail force follows a normal 

distribution. Monte Carlo simulations were used 

to get random number samples with a normal 

distribution, but first it solved two essential 

difficulties [5] of defining the sampling method 

used to produce a known distribution of random 

variables and calculating the random sampling 

sample size N. Eqs. (4-9) was used; 

The generation of random numbers [23]:
The equation used for the multiplicative 

congruence method is; 

Eq. (4) shows the congruence of modulus m, and 

xi+1 is the reminder of (axi + c) divided by m. 

While a, c and m are positive integers.  In the 

actual calculation, the parameter is introduced 

into the equation,  

ki = Int (
𝑎𝑥𝑖+𝑐

𝑚
) (5) 

where Int is round numbers notation, and Eq. (4) 

becomes: 

xi+1 = axi + c - mki (6) 

Table 3. Random of passenger’s weight as case 1. 

Parameter Mean value Std Upper limit Lower limit Error Units 

Passenger weight 8 10% 8.3 7.7 3% tons 

Table 4. Random suspension system parameters as case 2. 

Parameter 
Mean 

value 
Std 

Upper 

limit 

Lower 

limit 
Error Units 

Vertical stiffness of primary the suspension/ axle side 980 10% 980.03 979.97 3% kN/m 
Lateral damping of primary s the suspension/ axle side 5490 10% 5520 5460 3% kNs/m 
Vertical stiffness of primary the suspension/ axle side 1176 10% 1176.03 1175.97 3% kN/m 

Vertical damping of the secondary suspension 20 10% 50 -10 3% kNs/m 

Lateral stiffness of the secondary suspension per bogie 

side

192 10% 222 162 3% kN/m 
Lateral damping of the secondary suspension per bogie 

side

60 10% 90 30 3% kNs/m 

Vertical stiffness of the secondary suspension per bogie 

side

990.8 10% 1020.8 960.8 3% kN/m 
Vertical damping of secondary suspension per bogie side 9.8 10% 39.8 -20.2 3% kNs/m 

Table 5. Random train speed as case 3. 

Parameter Mean value Std Upper limit Lower limit Error Units 

Train speed 325 10% 350 300 3% km/h 

xi+1 = (axi + c) (mod m) (4)
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By dividing xi+1 by modulus m, the standardized 

random number will be as: 

ui+1 = 
𝑥𝑖+1

𝑚
(7) 

By repeating the above approach, a set of 

random different numbers within the range (0, 1) 

can be obtained. 

2.5. Random parameters of normal distribution 

formation [23]  

It has been assumed that un and un+1 are the two 

uniform random numbers within the interval 

(0,1). It adopts the following transformation to 

obtain two random numbers, x̽n and x̽n+1; both 

obeys the standard normal distribution N (0.1); 

{
𝑥̽ 𝑛     = (−2 𝑙𝑛 𝑢𝑛)

1
2 𝑐𝑜𝑠(2𝜋𝑢𝑛+1),

𝑥̽ 𝑛+1 = (−2 𝑙𝑛 𝑢𝑛)
1
2 𝑠𝑖𝑛(2𝜋𝑢𝑛+1)

} 
(8) 

If random variable X obeys normal distribution 

N (mx, σx), then its random numbers of xn and xn+1 

can be obtained using the following equations: 

{
𝑥̽𝑛     = 𝑥̽ 𝑛σ𝑥 + 𝑚𝑥  

𝑥̽𝑛+1 = 𝑥̽ 𝑛+1σ𝑥 + 𝑚𝑥
} 

(9) 

3. Static force calculation

The strength of the Power bogie frame that 

comprises wheel was examined using the Power 

bogie frame's strength test method (TB/T2368-

2005) [39] to comprehensively analyze the stress 

condition of the structure. it is imperative to 

calculate both the vertical and transverse loads. 

This approach allows for a more thorough 

assessment of the structural integrity and 

performance under different loading conditions. 

3.1. Vertical load applied to the wheels 

Based on the assumption of vehicles with mass 

evenly distributed among the eight (8) wheels 

and the body that is supported on each side 

frame of the bogie, Eqs. (10, 11) utilized for 

analysis and calculations. 

Fy = [Mc+ 2Mb + 4Mw] × g (10) 

where; 

Mc – Weight of car body = 35067 kg 

Mb- Weight of bogie = 3630 kg 

Mw-   Weight of wheelset = 1794 kg 

g- Acceleration due to gravity = 9.81 m/s2 

Fy = [35067 +  2 × 3630 + 4 × 1794] × 9.81

Fz = 485624.43N

For vertical load applied to each wheel of the 

vehicle:   

Fy-wheel = 
𝐹𝑦

8
(11) 

Fy-wheel = 
485624.43N

8
 = 60703.0538N 

Fy-wheel = 60703.0538N 

3.2. Hertz contact theory mathematical equation 

It is critical to measure the accurate stress 

analysis for rail-wheel in order to predict the 

fatigue of wheels. In general, the Hertz contact 

theory is important for predicting rolling contact 

stress; however, this method has less accuracy 

for rolling contact stress results when a large 

number of stresses were developed [38], and 

Eqs. (12-16) were used. To calculate a number 

of contact areas and pressure distributions, it is 

necessary to understand the main formula by 

Hertz theory [40]. Kim [40] stated that the Hertz 

contact theory takes the radius of curvature of the 

rail and wheel profiles in contact as a constant 

and assumes no plastic deformation in the 

contact area. Fig. 3 depicts an elliptical rail-

wheel contact with labeled dimensions x, y, z.  

Fig. 3. Rail-wheel contact of elliptical [38].
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To find the value of the normal pressure 

distribution p(x,y), Eqs. (12-14) can be used 

[41-43]: 

P = p0 √(1 −
𝑥2

𝑎2
−

𝑦2

𝑏2
) 

(12) 

a-x are the longitudinal direction for half-length

width contacts area and b-y are the lateral

direction half width contact area.

a = m(
3𝜋

4
×  𝑝

𝐾1+𝐾2

(𝐴+𝐵)
)
1

3
(13) 

b = n(
3𝜋

4
×  𝑝

𝐾1+𝐾2

(𝐴+𝐵)
)
1

3
 (14) 

A+B= 0.5 × (
1

𝑅11
+

1

𝑅12
+

1

𝑅22
+

1

𝑅21
) (15) 

While the difference of A and B obtained as; 

B-A= 0.5 × [(𝑋 + 𝑌) × 𝑐𝑜𝑠2𝛽]
1

2
(16) 

where 

X= (
1

𝑅11
−

1

𝑅12
)2 + (

1

𝑅22
−

1

𝑅21
)2 and 

Y= (
1

𝑅11
−

1

𝑅12
)(

1

𝑅22
−

1

𝑅21
)2

4. Results and discussion

The results presented in this study were acquired 

through mathematical calculations, dynamic 

simulations, and numerical simulations. 

4.1. Dynamic response 

Three cases of dynamic response were 

considered, the following maximum vertical 

wheel force results were obtained and shown in 

Figs. 4-6, which correspond to passengers 

weight for case 1, suspension system for case 2 

and train speed for case 3, respectively.  

To compute the rail-wheel contact areas, it is 

necessary to acquire the actual measurement of 

geometric constants for use in the above 

mathematics formula. The followings are the 

curve combinations; Eqs. (15, 16) [41-43];  

Fig. 4. (a) Vertical wheel force due to passengers’ 

weight and (b) maximum vertical wheel force. 

Fig. 5. (a) Vertical wheel force due to suspension 

system and (b) maximum vertical wheel force. 

(a) 

(a) 

(b) 

(b)
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Fig. 6. (a) Vertical wheel force due to train speed and 

(b) maximum vertical wheel force.

Table 6 shows that the random suspension 

stiffness system has high maximum vertical 

wheel force (124.8kN) compared to random 

passenger weight and train speed. When the 

random suspension stiffness system results in a 

high maximum vertical wheel force compared to 

random passenger weight and train speed, it 

implies that the stiffness of the suspension 

system in the rolling stock is relatively high or 

stiff. This condition can have several 

implications when ride harshness, high dynamic 

loads, noise, and vibration increase, and 

passenger comfort reduces. 

4.2. Finite element analysis 

Stress, total deformation, and strain analysis 

obtained from FE analysis after applying the 

maximum vertical wheel force to the wheel are 

shown in Figs. 7-9 and tabulated in Table 7. The 

results show that case 2 has high equivalent 

stress compared to other cases. 

4.3 Fatigue life analysis 

The analysis of fatigue life was done by nCode 

software, and results are shown in Figs. 10, 11. 

The obtained fatigue life are tabulated in Table 

7, and the results show that Case 2 has low life 

cycles compared to Case 1 and Case 3. The 

results obtained are similar to the findings 

reported by Zulkifli et al. [26], Mehmet et al. 

[25], Zhao et al. [24] and Aalami et al. [27]. The 

random parameters of the suspension system 

have more negative effects on fatigue life 

compared to random passengers' weight and 

train speed; this implies that variations and 

uncertainties in the suspension system play a 

more significant role in causing fatigue-related 

issues in the rolling stock. Here are some 

potential reasons for this scenario: design 

sensitivity, inadequate damping, component 

wear tear, maintenance challenge, inadequate 

quality control, insufficient design margin, and 

dynamic loading or environmental factors. 

Table 6. Maximum vertical wheel force. 

Maximum wheel force Case 1 Case 2 Case 3 

Vertical right (kN) 110.6 124.8 121.8 

Fig. 7. Dynamic response due to passengers’ weight (a) von-mises stress distributed in the wheel, (b) total 

deformation, and (c) maximum principal elastic strain.  

(b) 

(a) 

(c)(b) (a) 
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Fig. 8. Dynamic response due to random suspension system (a) von-mises stress distributed in the wheel, (b) total 

deformation, and (c) maximum principal elastic strain.  

 

 

 
Fig. 9. Dynamic response due to random train speed (a) von-mises stress distributed in the wheel, (b) total 

deformation, and (c) maximum principal elastic strain.  

 
Table 7. Finite element and nCode dynamic summarized results.  

Cases Equivalent stress (MPa) Total deformation(mm) Strain (mm/mm) Damage Fatigue life (Nf) 

1 115.23 0.034152 0.00018345 1.591×10-9 6.287×108 

2 129.6 0.038483 0.00020633 3.5×10-9 2.857×108 

3 126.59 0.037576 0.00020154 2.99×10-9 3.345×108 
 

 
Fig. 10. Life cycles (a) due to passengers’ weight, (b) due to random suspension system, and (c) due to random 

train speed. 

 

 

(c) (b) (a) 

 

(c) (b) (a) 

 

(c) (b) (a) 
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Fig. 11. Damage (a) due to passengers’ weight, (b) due to random suspension system, and (c) due to random train 

speed. 

 
 

5. Conclusions 

 

The approach method used in this study, can 

inform decisions related to track maintenance, 

design improvements, and safety enhancements 

in rail transportation. Additionally, it can 

contribute to optimize railway operations and 

minimizing wear and tear on track infrastructure. 

The following conclusion was drawn: 

(1) Through fatigue life analysis, it was 

determined that the random parameters of the 

suspension system have a more significant 

negative impact on fatigue life compared to 

random passengers' weight. This implies that 

variations in the suspension system 

characteristics have a greater influence on the 

components' durability. In addition, it states that 

random passengers' weight has less negative 

impact compared to the combined effect of 

random suspension and passengers' weight. This 

implies that while passengers' weight variations 

affect fatigue life, they are less influential when 

considered alongside variations in the 

suspension system. 

(2) According to dynamic stress analysis, it was 

determined that the random suspension system 

parameters have high maximum stress compared 

to stress obtained from random passengers’ 

weight and train speed. 

(3) The random suspension system was 

obtained to have high maximum vertical wheel 

force compared to the maximum vertical wheel 

force obtained due to random passengers’ weight 

and train speed.  

(4) The random suspension system was 

obtained a higher total deformation and strain 

effect on the wheel compared to the total 

deformation and strain effect obtained due to 

random passengers’ weight and train speed. 

According to the findings, studying the fatigue 

life of railway wheels is essential for ensuring 

the safety, reliability, and cost-effectiveness of 

rail transportation. It plays a critical role in 

preventing accidents, reducing maintenance 

costs, and optimizing the performance of rail 

systems, benefiting both passengers and the 

industry as a whole. 
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