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Abstract

The evolution characteristics of multi-source-fatigue-crack propagation in the subsurface of
a high-speed wheel’s tread and its influence on tread peeling life are the basis for accurately
evaluating wheel service lifetime. This study explores the influence of morphology distri-
bution and the size of cracks in the tread on peeling life. The results show that the crack
propagation mode in the wheel is mainly mode II and mode III composite propagation
caused by shear stress. A fatigue crack inside the wheel with an angle of 45° represents the
most dangerous situation. The maximum value of the von Mises stress inside the wheel
increases with the increase in the number of multi-source cracks. The equivalent stress
intensity factor (SIF) for multi-source cracks is higher than for a single crack. Also, mode III
propagation has higher sensitivity to the number of cracks. The existence of multi-source
cracks also increases the initial driving force AK,; of crack propagation. The results are
useful for the evaluation of the service life of high-speed wheels.

Keywords: high-speed train wheels; tread peeling; rolling contact fatigue; multi-source
cracks; crack propagation

1. Introduction

As one of the important load-bearing components of the high-speed train bogie, the
service reliability of wheels is related to the service safety of trains. During the service
process of high-speed trains, wheels usually need to bear complex multi-axial rolling contact
fatigue (RCF) loads [1,2]. Under extreme loading conditions, the surface and subsurface
of the wheel tread are prone to fatigue damage, leading to the initiation of one or more
fatigue micro-cracks [3,4].

Once the cracks initiate on the wheel tread, stress concentration occurs at the crack
tip under cyclic external loads, causing the initial cracks to propagate until wheel fracture.
Existing research studies have shown that internal fatigue cracks in wheels typically exhibit
complex multi-axial fatigue crack propagation. For multi-axial fatigue, the evaluation
method is extremely crucial. Zhu et al. [5] proposed a new multi-axial fatigue elastoplastic
model for high-speed train wheels and explored the evolution law of multi-axial fatigue
damage in wheel steel. Yang et al. [6] proposed a fatigue reliability evaluation method that
considers the influence of multi-axial fatigue loads on high-speed train wheels; this method
can obtain equivalent stresses through multi-axial models and fatigue experiments and then
predict multi-axial fatigue life. Peixoto et al. [7] established a two-dimensional FE model
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of wheel and rail coupled with subsurface cracks in the wheel; it was found that wheel
cracks propagate with the combined action of tension and shear stress. The maximum shear
stress criterion was used to calculate the crack propagation direction and the SIF during
propagation. Nejad et al. [8] studied fatigue crack propagation in wheels by establishing a
complete three-dimensional FE model of the wheel, considering the influence of existing
residual stress after wheel heat treatment. Under normal conditions, the fatigue cracks
of the wheel mainly propagate driven by the II and III mixed mode, but if residual stress
exists, mode I accelerates crack propagation and reduces the fatigue lifetime of the wheel.
From the above studies, based on the finite element method (FEM) and experimental tests,
simplified models are usually established to evaluate complex multi-axial fatigue crack
initiation and propagation in railway wheels. In addition, high-speed railway wheels is
usually serviced under different conditions, such as linear conditions and curve conditions,
where the wheels present complex multi-axial fatigue crack initiation and propagation
characteristics. Yan et al. [9] tested and performed an FE analysis on the crack growth rates
of I-1I mixed-mode cracks at different angles in high-speed train wheels. The results show
that the mode II SIF of mixed-mode cracks under different wheel roundness conditions
is the main driving force for crack propagation. Zhang et al. [10] investigated the effects
of the loading ratio on the fatigue limit and fatigue life of ERS8 steel, commonly used in
high-speed train wheels under multi-axial fatigue loads. The results show that the cyclic
micro-plastic strain patterns and fatigue damage behaviors caused by multi-axial fatigue
undergo significant changes.

Accurately mastering the propagation characteristics and evolution laws of micro-
cracks on the tread of high-speed train wheels under harsh rolling contact loads is the
theoretical basis for determining the coupled competition between fatigue and wear during
the wheel RCF process, predicting the remaining service life of wheels, and formulating
reasonable maintenance cycles. For fatigue crack propagation, the combination of the
FEM and damage tolerance theory has become an effective approach; it has been widely
used by researchers at home and abroad. Zeng et al. [11] studied the influence of surface
defects on the RCF of railway wheel steel. The increase in defect size increases the stress
concentration, thereby reducing RCF life. The Fatemi-Socie multi-axial fatigue parameter
combined with critical distance theory can be used to predict the effect of defect size on
RCEF life. Haidemenopoulos et al. [12] analyzed the initiation and propagation of rail
RCF cracks from the perspective of geometric characteristics such as crack length, depth
from the surface, crack propagation angle, and crack spacing. Through metallographic
analysis of the fracture surfaces, the crack initiation zone and quasi-cleavage zone were
identified. Liu et al. [13] proposed a subsurface crack propagation analysis method for the
RCF problem of wheels and rails. This method can characterize complex wheel-rail contact
stresses and consider the influence of non-proportional loads. The sub-model method
was employed to construct a wheel-rail FE model and calculate the SIF. The effects of
wheel diameter, vertical load, and initial-crack size and position on SIF amplitude were
investigated. Cho et al. [14] proposed a three-dimensional FEM for studying inclined RCF
cracks. By comparing it with the existing two-dimensional FE model, the correctness of the
model was verified. The effects of main factors such as crack depth and inclination angle on
the SIF distribution were studied, and the SIF distributions at the crack tip were obtained.
Meray et al. [15] proposed a three-dimensional simulation method for modeling non-planar
RCEF crack propagation. By combining the semi-analytical method (SAM) with the extended
finite element method (X-FEM), this approach can simulate crack propagation under RCF
loads. It is effective in rapidly and accurately modeling the complex propagation behavior
of three-dimensional cracks. Ringsberg et al. [16] proposed an FE calculation method
to predict the propagation pattern of short cracks under RCF loads. By comparing the
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elastoplastic and linear elastic models, it was found that the elastoplastic model can better
simulate the propagation of short cracks with a length of 0.1-0.2 mm. Butini et al. [17]
developed a modeling method for railway applications by combining wheel-rail wear
and RCF. This model can simultaneously account for the wear conditions of both wheels
and rails, as well as RCF crack propagation, and can also predict the location and size
of wheel-rail RCF cracks. From the above publications, the FEM and related models are
effective in evaluating the wheel RCF process.

When multi-source cracks initiate within a wheel, they may be located at different
positions in the subsurface of the wheel tread, with varying distances and spatial config-
urations among the cracks. How secondary or third cracks affect the propagation of the
main crack is crucial to accurately determining the remaining fatigue life of the wheel and
formulating reasonable maintenance cycles. Huang et al. [18] studied the formation and
damage mechanism of surface cracks in wheel-rail materials under RCF conditions and
in dry environments. Secondary cracks with a layered structure were generated in the
subsurface of the wheel, and after 1.5 x 10° cycles, significant changes in vertical forces
notably affected crack propagation. Dubourg et al. [19,20] studied structural multiple-crack
propagation by using fracture mechanics, and it was found that the distance between cracks,
the structural loading area, and the friction coefficient between crack surfaces affect the
interactions among multiple cracks.

Based on the above studies, although there are some studies on surface fatigue crack
initiation and propagation in wheels and other types of mechanized equipment, research on
the propagation and interaction of subsurface cracks when multiple fatigue cracks initiate
in the subsurface tread of high-speed railway wheels is very limited. However, these
aspects are very important to formulating maintenance plans and evaluating the remaining
life of wheels. These studies serve as the theoretical basis for accurately determining wheel
tread maintenance plans and evaluating the remaining service life of wheels.

2. Analysis of the Peeling of the Wheel Tread

Fatigue crack initiation and propagation on the railway wheel tread are related to both
surface wear and fatigue processes. As shown in Figure 1a, during the continued service
process of wheels, if the propagation rate of micro-cracks initiated on the tread surface is
low, the cracks are usually removed by wear under the tangential load between the wheel
and the rail, which does not result in fatigue failure such as tread peeling. However, if
micro-cracks initiate on the surface or in the subsurface of the wheel tread, they propagate at
a high rate due to the competition between fatigue and wear during the wheel’s continuous
service process; the propagation rate of fatigue cracks exceeds the wear rate of wheel
surface materials, and if wheel tread reprofiling is not timely performed, it will cause
tread peeling and even lead to wheel rim fracture, seriously affecting the service safety
of high-speed trains [2], as shown in Figure 1b, where typical large-scale tread peeling
is presented. Therefore, determining the anti-fatigue crack propagation characteristics of
high-speed train treads is of great theoretical and engineering significance.

During the actual service conditions of high-speed train wheels, RCF damage between
the wheel and the rail often occurs, and then, fatigue micro-cracks appear on the tread
surface. According to the different service conditions of railway vehicles, the RCF micro-
cracks generated on the wheel tread are mainly of four types, namely, rolling contact fatigue
1 (RCF1), rolling contact fatigue 2 (RCF2), rolling contact fatigue 3 (RCF3), and rolling
contact fatigue 4 (RCF4), as shown in Figure 2a. RCF1 mainly occurs close to the outer side
of the wheel tread, forming an angle of approximately 30° to 45° with the axial direction;
the repetitively longitudinal and transverse rolling frictional sliding force usually induces
the appearance of this type of fatigue damage when the train passes through a curve. RCF2
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mainly occurs close to the inner side of the wheel tread, with an angle of approximately
30° to 60° with the axial direction; the repetitively longitudinal and transverse rolling
frictional sliding forces often cause the initiation of these cracks when the train passes
through a curve. RCF3 mainly occurs at the contact position of the rolling circle of the
wheel tread, with an angle of approximately 0 to 10° with the axial direction. It mainly
occurs when the wheel slips or idles with the train traveling at a relatively low speed. RCF4
mainly occurs on the outer side of the rolling circle of the wheel tread, with an angle of
approximately 0 to 80° with the axial direction; the initiation of these cracks is caused by
relatively high transverse rolling frictional sliding force.

(a)
. Wheel
Micro- F
N
cracks Subsurface

Fr cracks/defects

read peeling
s b

_a‘ ‘./.\\

Figure 1. (a) Schematic diagram of tread peeling on wheel tread caused by RCF loads. (b) Typical
surface morphology of tread peeling [3]. (Reprinted with permission from ref. [3]. 2025, ELSEVIER).
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Figure 2. (a) Tread peeling characteristics; (b,c) the tread peeling caused by the RCF of in-service
high-speed trains in China.

Through the tracking and investigation of in-service high-speed trains in China, it is
found that tread peeling usually occurs due to RCF [21,22], as shown in Figure 2. After a
certain period of service, new wheels often experience tread peeling near the rolling contact
area of the wheel and the rail, exhibiting the characteristic of multi-point peeling, as shown
in Figure 2b. After the damaged wheel is resurfaced and continues to be in service, RCF
damage will occur once again. Continued tread peeling will often occur near the area of
the contact region and will still exhibit the characteristic of multi-point peeling, as shown
in Figure 2c.
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The RCF damage occurring during the actual service of high-speed trains is the
result of the combined effects of fatigue and sliding wear. Whether rapid peeling will
occur depends on the coupling and competitive relationship between fatigue and wear.
At present, some progress has been made in research on the coupling and competitive
relationship between fatigue and wear. The coupling and competitive relationship between
wear and fatigue is shown in Figure 3. Scholars generally hold that the coupling and
competitive relationship between fatigue and wear during the RCF damage process of
wheels and rails is actually the competitive relationship between the wear rate and the
fatigue crack propagation rate during RCF [23-27]. If the propagation rate of fatigue
cracks is higher than the wear rate, contact fatigue damage will cause structural failure.
Conversely, if the wear rate is higher than the propagation rate of fatigue cracks, surface
wear will lead to structural failure.
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Figure 3. (a) The coupling and competitive relationship between wear and fatigue in the process of
tread peeling and (b) competitive between wear and fatigue. (c) Wear rate and crack growth rate at
different cycles [23,24,26]. (Reprinted with permission from ref. [23,24,26]. 2025, ELSEVIER).

From the above analysis, during the RCF damage process of high-speed train wheel
treads, if the propagation rate of tread fatigue cracks is significantly higher than the wear
rate, it will result in rapid tread peeling. If the tread peeling size is large enough, it
will cause the wheel to be scrapped. On the other hand, during RCF damage to the tread,
numerous micro-cracks are usually initiated along the circumferential direction of the wheel.
Therefore, for the multi-source micro-cracks induced by RCF damage in the dangerous area
of the wheel tread, determining the crack propagation resistance characteristics is of great
engineering and theoretical significance.

To investigate the mutual influence of initiation, propagation, and peeling multi-point
fatigue cracks, in this paper, by means of the FEM, on the basis of identifying the dangerous
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area of the wheel under wheel-rail contact load, the mutual effects of single-fatigue-crack
initiation and multi-source-fatigue-crack initiation on crack propagation and the tread
peeling life of the ER8 wheel are comparatively studied.

3. Simulation Analysis Method of Fatigue Crack Propagation

In this paper, the FEM is employed to establish the wheel-rail contact model, and co-
simulations of fatigue crack propagation behavior under different conditions are performed
using the software programs ABAQUS 2020 and FRANC3D. This method enables us to
conveniently and accurately obtain the mode I, mode II, and mode III SIFs, as well as the
equivalent SIF and fatigue crack propagation path for different normalized distances of
the crack front, based on M-integration. The ABAQUS software program is utilized for
preprocessing the FE model, while the FRANC3D software program is used to simulate
crack propagation.

3.1. FE Models

This paper takes the wheels of the Chinese high-speed EMU train as the research
object, and the wheel dimensions are shown in Figure 4a. The material is of Grade ER8
in accordance with EN 13262. The diameter of the wheel’s rolling circle is 920 mm. The
51002CN-type tread is adopted, and the rail is a 60 rail. It is assembled in accordance with
the standard requirements. The rail base slope is 1:40. A rectangular coordinate system is
established, where the transverse direction serves as the X-axis, the vertical direction as the
Y-axis, and the advancing direction of the vehicle as the Z-axis, as shown in Figure 4. To
improve the calculation accuracy and efficiency of the model, a local refinement method is
adopted when creating the FE mesh at the contact zone or in stress concentration areas; the
FE size was set to 1 mm for the railway wheel and rail after conducting a mesh sensitivity
study, and a quadratic shape function was used. The model had a total of 169,178 nodes and
156,480 C3D8R elements. To discuss the influence of multi-source cracks on the propagation
behavior of the main fatigue crack, this paper inserts an initial crack in the area with the
maximum stress and carries out a simulation analysis of the propagation behavior of the
initial crack under the action of fatigue load.

(a) R4S 36 (b)

R3.9 7.5

22X45°\ R7.1

3.3

30.0
18.0

30.0
Constraints on coupling point:
Ux. Uz
ROTy. ROT;
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1 290 le—555—
Hub hole center

Single_crack
i )

ZAX Position of insertion crack

Displacement constraint: Rail bottom Ux\Uy\Uz,
Mesh refinement of wheel-rail contact area symmetrical constraint of both terminal faces

Figure 4. FE model of wheel and rail for single crack: (a) schematic diagram with wheel dimensions;
(b) mesh of model, boundary conditions, and initial-crack location.
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3.2. Boundary Conditions

The boundary conditions were set as shown in Figure 4. Normal hard contact with
a friction coefficient of 0.15 was defined between the wheel and the rail to avoid normal
penetration. Full constraints were imposed on the bottom of the rail, and symmetric
constraints were applied to the rail’s end face. A reference point was established at the
wheel’s center, and the nodes on the inner surface of the hub hole were coupled to this
reference point. The translational movements in the X and Y directions and the rotational
movements in the Y and Z directions of the coupling point were constrained. A vertical
load Fy was applied at the coupling point. For static calculations, Fy was set to half of the
17-ton axle load, as the wheel under calculation originates from a bogie with a 17-ton axle
load. The material parameters of the wheel and rail are listed in Table 1.

Table 1. The material properties of the wheel and rail [28]. (Reprinted with permission from ref. [28].
2025, ELSEVIER.)

Material 1\/115(13151:;:15 Poisson’s Yield Limit Tensile Limit Threshold T(ljlrigclt;?ss
. 12
Parameter (GPa) Ratio (MPa) (MPa) (MPa-m-~?) (MPa-m"2)
Wheel 197 0.3 605 903 5.59 84
Rail 210 0.3 550 998 2.2 47

During the normal service process of a train, the load on the wheel is not constant but
fluctuates. Therefore, in this paper, the software program SIMPACK 2019x was utilized to
perform dynamic simulation according to the typical service parameters of the Chinese
high-speed EMU train. The dynamic load on the wheel during vehicle operation was
extracted, and the vehicle dynamics simulation model is shown in Figure 5.

“" Dynamic load on wheels

Load / kN

0 5 10 15 20 25 30
Time /s

Figure 5. The dynamics model for dynamic stress calculation and the load applied to the wheels for
dynamics stress simulation.

Before conducting the dynamic analysis, the correctness of the model was verified.
Taking the service speed of 350 km/h as the analysis speed, the service curve radius was
chosen as 7000 m, and the high-speed railway spectrum was selected as the excitation
spectrum; the maximum values of various dynamic indicators were chosen for analysis and
verification, and the results are listed in Table 2. In accordance with the standard “Evalua-
tion and Test Identification Specification for the Dynamic Performance of Locomotives and
Vehicles” [29], all indexes of the vehicle dynamics model met the requirements, indicating
that the model was correctly established.
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Table 2. The analysis results of vehicle dynamics.

Dynamic Parameter Value
Derailment coefficient 0.11
Wheel unloading rate 0.64
Wheel rail lateral force (kIN) 10.4
L Vertical index 2.26
Stability index Horizontal index 2.39
. . ) Vertical acceleration 1.96
Maximum acceleration (m-s~*) .
Transverse acceleration 1.75

Since the train is mostly in service under linear working conditions, this paper con-
ducted research based on the vehicle’s linear working condition. Figure 2 shows the
dynamic load exerted on the wheels when the train is running at a speed of 350 km/h. As
the load fluctuation law is basically the same, only the data within 30 s of driving were
extracted for analysis. The data were processed using the rain flow counting method to
obtain the load spectrum of the wheels under linear conditions, as listed in Table 3.

Table 3. The load spectrum when the train travels on a straight line at a speed of 350 km/h.

Load (kN) 40 55 70 85 100 115 130
Frequency (%) 0.7 4.3 20.8 419 252 6.4 0.7

3.3. Determination Method of SIFs

The SIF is one of the key parameters for evaluating the stress field and displacement
field at the crack tip [30]. The calculation method for the multi-axial SIF of a crack under
external load refers to the paper published by the author’s research team [31].

The fatigue crack growth rate can be described by the Paris formula [30,32], and its

expression is as follows:
da
where C and m are material-related parameters, with In(C) = —17.62 and m = 2.52 [33]. K¢,

denotes the equivalent stress intensity factor, and its expression is given in Equation (2) [28,31].

S=

where B and 7y are weight factors. Through FE simulation, the Aa and AN after each cycle
of crack propagation can be obtained. According to Aa/AN ~ da/dN, the crack growth
rate Aa;j/ANj corresponding to the crack growth amount Aa; under the driving force of the
equivalent SIF AKeq can be obtained, thus enabling the acquisition of the da/dN—AKeq
curve for any crack propagation path.

4. Analysis of Fatigue Crack Propagation in the Dangerous Area of
the Wheel

4.1. Determination of the Dangerous Area of the Wheel

First, a static strength analysis was conducted for the wheel-rail model. Based on
the von Mises criterion, the area of the wheel with the maximum von Mises stress was
identified as the dangerous area. An initial crack was introduced at this location to study the
fatigue crack propagation characteristics. Figure 6a shows the von Mises stress contour of
the cross-section in the wheel-rail contact area from the FE model’s static strength analysis.
The maximum von Mises stress of the wheel is 712.6 MPa, occurring in the area below the
tread. Figure 6b shows the von Mises stress distribution along the depth of the wheel tread.



Metals 2025, 15, 1148

90f23

As can be seen from the figure, the stress first increases and then decreases along the path
direction, reaching its maximum at a position 3 mm below the tread surface.
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Figure 6. (a) The von Mises stress contour of the cross-section of the wheel-rail contact area; (b) the
distribution of von Mises stress in the wheel along the depth direction starting from the wheel-rail
contact point.

4.2. Effects of Initial Crack on Propagation
4.2.1. The Influence of the Crack Distribution Pattern on the Remaining Life of
Wheel Peeling

To obtain the most dangerous initial-crack angle beneath the wheel tread and the most
critical fatigue crack propagation path, a circular initial crack with a radius of 1 mm was
inserted at a depth of 3 mm below the wheel tread, as shown in Figure 7a. Taking the crack
parallel to the horizontal plane (X0Z) as the reference, it was rotated around the Z-axis, as
shown in Figure 7b. The clockwise rotation angle around the Z-axis is defined as positive
and the counterclockwise rotation angle as negative. For example, “Z45” represents the
crack after a 45° clockwise rotation along the Z-axis relative to the reference crack. Initial
cracks at different angles were inserted, and their fatigue crack propagation behaviors
were calculated to determine the situation where the crack propagates the fastest, which is
also the most dangerous condition for the wheel with an initial fatigue crack, laying the
foundation for subsequent research. The mesh of the initial crack is shown in Figure 7c.

Figure 7. The wheel model with an initial crack in the subsurface: (a) The insertion position of the
initial crack at a depth of 3 mm below the wheel tread. (b) The crack rotated along the z-axis. (c) The
mesh of the initial crack.

Figure 8a,b show the von Mises stress contour and the distribution of the crack SIF
after introducing a Z45 crack into the FE model. Since the stress and SIF distribution
patterns of cracks at various angles are basically consistent, the crack yielding the most
distinct results is selected for presentation. It can be observed that the mode I SIF K at
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the crack tip is negative and close to 0, whereas the mode II and mode III SIFs exhibit a
continuous distribution, with the maximum value of Kj; exceeding that of Kyjj. The positive
and negative values of the SIF denote the propagation direction of the crack tip. From this,
it is evident that K; is initially negative and near 0, indicating that the crack remains in a
compressed and closed state during propagation. Although normal contact is imposed
on the crack surface to prevent penetration, calculation errors may still exist, resulting in
negative values. Secondly, subsurface cracks in wheels are primarily induced by shear
stress under wheel-rail interaction, leading to II and III mixed-mode propagation, with
mode II propagation being dominant. Thirdly, by integrating the von Mises stress contour
of the crack with the distribution of the equivalent SIF at the crack tip, it is found that
the equivalent SIF is the largest at crack front position 0. This suggests that the crack will
propagate in this direction in the initial state, and the von Mises stress in this direction is
also the highest, reaching 1674 MPa.
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Figure 8. Crack rotated by 45° clockwise along the Z-axis: (a) von Mises stress contour of the initial
crack; (b) distribution of multi-axial SIF and equivalent SIF at the tip of the initial crack; (c) von Mises
stress contour and the fastest crack propagation path; (d) distribution of SIFs and equivalent SIF at
the crack tip after the completion of crack propagation.
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The cracks inserted into the wheel subsurface undergo fatigue propagation under the
action of the load spectrum. Figure 8c shows the von Mises stress contour and the fastest
fatigue crack propagation path. The direction with the maximum equivalent SIF at the
crack tip corresponds to the direction of the fastest crack propagation. In this direction,
both the von Mises stress and the crack propagation driving force AK,, reach their peak
values. Figure 8d presents the distribution of the SIFs and the equivalent SIF at the crack tip.
Compared with the initial crack, the distribution patterns of the three SIFs remain largely
unchanged, yet their amplitudes all increase. The maximum value of the equivalent SIF
shifts from crack front position 0 to 0.5, and its magnitude is higher than that in the initial
state; the SIF distributions are consistent with the authors” previous work on rail [28]. By
comparing the real fracture surface of the fatigue crack growth path [34] with the numerical
simulation results in Figure 8c, it is found that the final fatigue crack growth simulation
using the FRANC3D software program is consistent with the actual results.

Figure 9 shows the SIF distributions of Z30, Z45, and Z60 cracks after they have
propagated for a certain length. It can be observed that the K] for all three cracks is negative
and close to 0, indicating that the cracks are all in a compressive state. As the crack
rotation angle increases, both Kj; and Kjjy exhibit a distribution that first increases and then
decreases, and Z45 corresponds to the maximum values of Kyy and Kjyy. It can be seen from
Figure 9c that the equivalent SIF of the Z45 crack is the largest, indicating that the crack at
this position is more prone to propagation under the same conditions, and the wheel will
suffer fatigue failure faster. When the crack is rotated 30° clockwise around the Z-axis, the
maximum value of AKeq appears at crack front position 0.5. As the rotation angle increases,
the maximum value gradually transfers to position 0 of the crack front, indicating that the
fastest crack propagation path changes with the rotation of the crack, gradually shifting
from the initial propagating direction toward the interior of the wheel and then in the
wheel tread direction.
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Figure 9. Crack rotated clockwise along the Z-axis. (a) The distribution of K; and Kj; at the crack tip,
(b) the distribution of Kjj; at the crack tip, and (c) the distribution of AK,y at the crack tip.



Metals 2025, 15, 1148

12 of 23

A statistical analysis was conducted to investigate the variation in the equivalent
SIF AKeq during crack propagation. The path where the maximum AK,,; occurs during
propagation was taken as the path with the fastest crack growth, and the number of cycles
corresponding to the crack propagation length along this path was calculated. Figure 10a,b
show the curves of the number of crack propagation cycles versus the propagation length
when the crack is rotated around the Z-axis. For the same propagation length, there is a
significant difference in the number of cycles among different cracks, indicating that the
initial crack inclination angle has a substantial influence on the fatigue crack propagation
life of the wheel. As the crack rotation angle increases, the number of crack propagation
cycles first decreases and then increases, reaching a minimum value at a 45° angle from the
horizontal direction. Based on the relationship between the number of crack propagation
cycles and the propagation length, the crack propagation rates da/dN ~ Aa/AN were
calculated to obtain the relationship between the propagation rate and the equivalent
stress intensity factor AKe;. As shown in Figure 10c,d, the average propagation velocity
of each crack first increases and then decreases with the crack rotation angle, reaching the
maximum value at a 45° angle from the horizontal direction. Comprehensive analysis
indicates that the influence of the initial crack rotation angle on crack propagation is actually
an influence on the equivalent SIF of the crack. The larger the AK,;, the faster the crack
propagates, and the shorter the remaining life of the wheel. Compared with other cracks,
the Z45 crack has the smallest number of cycles and the fastest crack propagation for the
same propagation length, corresponding to the largest AK,;. Therefore, the morphology
after the crack rotates by 45° clockwise around the Z-axis is the most dangerous condition
for the wheel with an initial crack, and this dangerous angle is consistent with the authors’
previous work on rails [28].
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Figure 10. Curves of crack propagation cycles versus propagation length: (a) crack rotated clockwise
around the Z-axis; (b) crack rotated counterclockwise around the Z-axis. Curves of crack propagation
rate versus equivalent stress intensity factor: (c) crack rotated clockwise around the Z-axis; (d) crack
rotated counterclockwise around the Z-axis.
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4.2.2. Influence of Crack Shape on the Remaining Life of Wheel Peeling

Under actual service conditions, most cracks in wheels are elliptical. Therefore, this
section investigates the influence of different elliptical aspect ratios on fatigue crack prop-
agation. The diameter of the ellipse along the Z-axis direction is defined as “a”, and the
diameter in the other direction is defined as “b”. At a depth of 3 mm below the wheel tread,
cracks with different morphologies are inserted into the most dangerous case mentioned
above. Figure 11a—c show the von Mises stress contour of the initial elliptical cracks. It can
be seen from the figures that the maximum von Mises stress of the three cracks is located
on the right side of the cracks. The stress of the circular crack is lower than that of the
elliptical cracks, and the elliptical crack with a = 1.2 and b = 1 exhibits the highest stress.
This indicates that the elliptical crack does not alter the initial propagation direction of the
crack (i.e., the position with the maximum von Mises stress), but it increases the initial von
Mises stress of the crack, making the crack more susceptible to fatigue propagation.
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Figure 11. The von Mises stress contour of initial elliptical cracks: (a) Crack 1: a=1,b =1.2;
(b) Crack2:a=1,b =1; (c) Crack 3: a =1.2, b = 1. The propagation behavior of elliptical cracks:
(d) the curves of the number of the crack propagation cycles versus the propagation amount and
(e) the curves of the crack propagation rate versus the equivalent AKegq.

Figure 11d shows the curves of crack propagation cycles versus the propagation length.
When the propagation length is 2.8 mm, Crack 2 exhibits the maximum propagation cycles,
while Crack 3 shows the minimum. Figure 11e depicts the curves of crack propagation rates
versus the equivalent AK,,. In the early stage of crack propagation, the propagation rates of
Crack 1 and Crack 2 are relatively close, whereas the propagation rate of Crack 3 is higher
than that of the other two cracks. As the propagation cycles increase, the propagation
rates of the three cracks become essentially consistent. It can be concluded that elliptical
cracks with different aspect ratios affect the overall crack propagation by influencing the
propagation rate in their initial state. When the increase in the diameter of the elliptical
crack is the same, changes in the diameter perpendicular to the crack propagation direction
have a more significant effect on the crack propagation rate than those along the crack
propagation direction, and both accelerate the crack propagation rate.

Based on the above comprehensive analysis, it can be concluded that at a depth of
3 mm below the wheel tread, the crack rotated by 45° clockwise around the Z-axis (with the
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tread as the reference) is the most dangerous case. In this case, the initial crack propagates
the fastest, and the remaining life is the shortest.

4.3. The Influence of Secondary Cracks on Primary-Crack Propagation
4.3.1. The Influence on the Propagation Rate of the Main Crack

During the normal service of a train, the wheels are subjected to complex wheel-rail
loads, leading to uncertainties in the initiation of internal cracks. Cracks of different sizes,
positions, and shapes may occur, and even multiple cracks may initiate. Based on the
single-subsurface-crack model of the wheel studied previously, multi-source cracks are
introduced to investigate their influence on the fatigue crack propagation characteristics of
the wheel.

As shown in Figure 12a, the crack defined as the main crack is located 3 mm below the
wheel tread, with elliptical diameters of a = 1.2 and b = 1, and is rotated by 45° clockwise
around the Z-axis. The additionally inserted cracks are defined as multi-source cracks.
These multi-source cracks are inserted along the Z-axis direction to study their influence
on crack propagation, with the distance between the centers of each crack being 4 mm.
Figure 12b,c show the von Mises stress contours of the cracks after the insertion of multi-
source cracks. In the double-crack model, the maximum stress occurs on the main crack,
with a value of 1929.6 MPa. In the triple-crack model, the maximum stress occurs on the
secondary crack, with a value of 2234.7 MPa. Figure 12d—f present the von Mises stress
contours of the main cracks in each model. As shown in the figures, the stress distributions
of the main cracks in each model are basically consistent. The stress of the reference crack
in the single-crack model is the smallest, while that in the triple-crack model is the largest,
and the position of the maximum stress is at the bottom of the crack, as shown in Figure 12.
This indicates that the initial stress distribution of the main crack is less affected by multi-
source cracks, but the maximum value of von Mises stress increases with the increase in the
number of cracks. The distributions of the SIF of the main crack in different crack models
(single crack, double cracks, and triple cracks) are shown in Figure 12g—i. It can be seen
from the figures that in the initial state, the secondary cracks have little influence on the
SIF at the tip of the main fatigue crack, which is mainly due to the relatively large distance
between the established main fatigue crack and the other cracks.

During train service, if there are multiple cracks in the wheel, the distance between
the cracks will gradually decrease as the service cycles increase. When two cracks come
into contact, crack coalescence will occur. The propagation rate of the merged crack will
increase significantly, accelerating the wheel’s fatigue failure. Therefore, crack coalescence
should be avoided in engineering.

Fatigue crack propagation occurs in each model under the load spectrum, ending
before crack coalescence takes place. The von Mises stress contours of the multi-crack
models at the end of crack propagation are shown in Figure 13a,b. In the double-crack
model, the maximum stress occurs for the secondary crack, with a value of 2859.5 MPa. In
the triple-crack model, the maximum stress also occurs for the secondary crack, reaching
5093.4 MPa. Figure 13c—e present the von Mises stress contours of the reference cracks
at the end of propagation for each model. The stress of the reference crack in the single-
crack model is the smallest, whereas that in the triple-crack model is the largest, with the
maximum stress being located at the uppermost position of the crack, as shown in Figure 13.
Based on a comprehensive analysis of the above results, it is concluded that the insertion of
multi-source cracks alters the stress distribution of the wheel. The presence of secondary
cracks makes the stress singularity at the crack tips more pronounced, thereby increasing
the overall von Mises stress. The main cracks in the multi-crack models exhibit different
stress distributions from those in the single-crack model in the direction of the secondary
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cracks, demonstrating that the reference cracks gradually propagate toward the secondary
cracks before crack coalescence occurs.

(a) Single crack Double cracks
45° with the horizontal plane i i
HEVNE )

> E 1.2mm E 4mm i

Three cracks

4mm 4mm

S, Mises
(Avg: 75%)

1929.6 /—\
1797.2

1664.8

1532.4

1400.0

1267.6

1135.1

1002.7

8703 4
737.9

605.5

X‘TO'<
N

473.1
3407 Max 1929MPa
S, Mises
(Avg: 75%)
2234.7 )
2076.6 ~
1918.4
1760.3
1602.2
1444.1
1286.0
1127.9
969.8
811.7
653.6 Max 2234MPa
495.4 1938MPa
337.3
S, Mises S, Mises S, Mises
(Avg:75%) () (Avg: 75%)  (©) (Avg75%) (D
1777.7 PN 1929.6 /‘\ 1938.0 /"\
1652.6 4 1797.6 1805.5
1527.5 1665.7 1673.0
1402.4 1533.7 1540.5
1277.3 1401.7 1408.1
1152.3 1269.7 1275.6
1027.2 1137.7 1143.1
902.1 1005.7 1010.6
777.0 873.7 878.2
651.9 741.8 745.7
526.9 609.8 613.2
401.8 477.8 480.7
276.7 345.8 3483
400 575 .
600 (g) (h) = (1) — Single crack 4K,
—Single crack K 300 - Single crack K. —Double cracks 4K,
’é‘mo [ —Double eracks K E 200 :Dofble cracks’[’é o — Three cracks 4K,
g — Three cracks K g Three cracks K m g 500
<20 ~ 100 Y, ~> 475
& ot £ ol Sas0
\2_/200 L & 1 é-l(l() 5‘125
= <) [z, 400
Fol & 200 A3
=300 350
-600
s L s . L n 400 . . 325
00‘ 0.2 . 04 0.6 0.8 1.0 00 0’ 04 06 08 1.0 0.0 0.2 04 0.6 0.8 1.0
Normalized Distance of Crack Front| Normalized Distance of Crack Front| Normalized Distance of Crack Front]

Figure 12. (a) The interaction among the multi-source cracks. The von Mises stress contours of cracks
in the multi-crack model: (b) double cracks and (c) triple cracks. The von Mises stress contour and
SIF of the main crack: (d,g) single crack, (e,h) double cracks, and (f,i) triple cracks.

The distributions of the SIFs of the main cracks in the three models are shown in
Figure 14a,b. It can be seen from the figures that the K; and Kj; of the cracks in each model are
basically consistent, but Kj; shows obvious differences. At the crack front of 0.25, the SIF of
the triple-crack model is greater than those of the other two models, because the main crack is
close to one of the secondary cracks at this position. Similarly, at the crack front of 0.75, both
the double-crack and triple-crack models have secondary cracks, so their SIFs are relatively
large. As shown in Figure 14c, the equivalent SIF at the crack front of 0.5 (i.e., the position
with the fastest propagation in the single-crack model) is basically the same for each model,
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and the equivalent SIFs are larger in the directions of the secondary cracks in their respective
models (double-crack model: 0.75; triple-crack model: 0.25, 0.75).
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Figure 13. The von Mises stress contours at the end of crack propagation in multi-crack models:
(a) double cracks and (b) triple cracks. The von Mises stress contour of the main crack: (c) single
crack, (d) double cracks, and (e) triple cracks.
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Comprehensive analysis shows that the presence of secondary cracks has little effect
on the mode I and mode II propagation of the main crack but has a greater impact on
mode III propagation. Before crack coalescence occurs, the fastest crack propagation
path gradually deviates toward the direction of the secondary cracks, and the maximum
equivalent SIF even exceeds that of the main crack. Moreover, as shown in Figure 14c,
at the crack front of 0.25, even though there are no secondary cracks at this position in
both the single-crack model and the double-crack model, the existence of other cracks in
the double-crack model leads to a larger equivalent stress SIF. Similarly, at the crack front
of 0.75, both the double-crack and triple-crack models have cracks at this position, but the
presence of the secondary crack causes the equivalent SIF of the triple-crack model to be
larger. Therefore, the presence of multi-source cracks increases the overall equivalent SIF of
the cracks, enhances the driving force for crack propagation, and makes fatigue cracks more
prone to propagate. These are the reasons why the reference cracks gradually propagate
toward the secondary cracks before crack coalescence occurs.

Figure 15 shows the distributions of Kj;, Kjj;, and equivalent SIFs of the main crack
in each model after crack propagation (as the crack is in a closed state, K; has basically
no impact on crack propagation). It can be observed from the figure that as the crack
propagates, the values of Kj; and Ky gradually increase, while their distributions remain
largely unchanged. However, the magnitude of the change in Kj; is smaller than that of Kp.
Kjp increases significantly in the direction of the secondary cracks, yet Kj; does not exhibit
a similar distribution pattern. The overall equivalent SIF of the crack gradually increases
with crack propagation. In the early stage of propagation, the crack propagates along the
direction of the fastest path of the main crack (crack front 0.5). In the double-crack and triple-
crack models, the equivalent SIFs in the direction of the secondary cracks increase slowly
as the crack propagates. Until the end of propagation, the factor reaches its maximum
value, and the fastest propagation path also shifts toward the direction of the secondary
cracks. Comprehensive analysis shows that the influence of multi-source cracks on the SIFs
of the main crack mainly affects the distribution pattern of Ky, thereby influencing the
distribution of the equivalent SIFs and changing the crack propagation pattern.
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Figure 15. Curves of Kjj for the main crack varying with crack propagation: (a) single-crack model,
(b) double-crack model, and (c) triple-crack model. Curves of Kjj; for the main crack varying with
crack propagation: (d) single-crack model, (e) double-crack model, and (f) triple-crack model. Curves
of crack equivalent SIF for the main crack varying with crack propagation: (g) single-crack model,
(h) double-crack model, and (i) triple-crack model.

4.3.2. Influence on the Propagation Path of the Main Crack

To further study the influence of secondary cracks on the main crack, three paths are
defined. Path 1 represents the propagation direction of the reference crack in the single-
crack model, while Paths 2 and 3 correspond to the directions of multi-source cracks relative
to the reference crack in the multi-crack model.

Figure 16 shows the curves of the propagation amount of the reference crack in each
model for different paths as a function of cycles. The curves for the three paths diverge
when the cycles reach 5.7 x 107, defined as the cyclic boundary cycles. As shown in the
figure, after reaching the cyclic boundary cycles, the propagation rate of the reference crack
in the multi-crack model accelerates. The degree of change in Path 1 is significantly smaller
than that in the other two cases, and the reference crack on Paths 2 and 3 propagates rapidly
toward the direction of the secondary cracks. Figure 17 shows the curves of the propagation
rate of the reference crack in each model for different paths as a function of the equivalent
SIE. The curves of the three models on Path 1 are basically consistent, indicating that the
crack propagation rates are relatively close. On Path 2, the equivalent SIF of the double-
crack model gradually approaches that of the single-crack model as the propagation rate
increases, while the crack propagation driving force AK,; of the triple-crack model is always
larger than that of other models. On Path 3, the driving force of the multi-crack model is
always greater than that of the single-crack model, and the changes between the two multi-
crack models are also basically consistent. In summary, the presence of multi-source cracks
increases the initial driving force AK,; of crack propagation. As the propagation rate
increases, the driving force in the direction without secondary cracks gradually returns
to the normal level, while the driving force in the direction of the secondary cracks keeps
increasing. During crack propagation, multi-source cracks have little influence on the
original propagation path of the crack. After a certain number of cycles, the main crack
rapidly propagates toward the secondary cracks until crack coalescence occurs, making the
crack more dangerous.

In summary, the presence of secondary cracks can alter the stress distribution in the
wheel, increase the SIF of the cracks, enhance the stress at the crack tips, and accelerate
crack propagation. As the distance among cracks decreases, the influence of secondary
cracks on main crack propagation gradually intensifies. Once the crack spacing reaches
a certain critical value, two cracks will rapidly propagate toward each other until crack
coalescence occurs.
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Figure 16. Curves of crack propagation length versus propagation cycles: (a) Path 1; (b) Path 2;

(c) Path 3.
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Figure 17. Curves of crack propagation rate versus equivalent SIF: (a) Path 1; (b) Path 2; (c) Path 3.
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4.4. Discussion on Residual Peeling Lifetime

Based on the aforementioned research results, the subsurface fatigue cracks in the
wheel lie in a slow-propagation region in the early stage of propagation, featuring a
relatively low crack growth rate. However, as the crack propagation length increases and
enters the rapid-propagation zone, the crack growth rate gradually accelerates, and the
reduction rate of the wheel’s remaining peeling life speeds up, as shown in Figure 18.
It is specified that when the crack propagates to the wheel tread, severe peeling occurs
in the wheel. Therefore, subsurface fatigue cracks in the wheel should be detected, and
maintenance should be carried out as early as possible to prevent cracks from entering the
rapid-propagation zone and causing wheel failure.

A —— Residual lifetime A
------- Crack growth rate

Wheel tread /

Residual lifetime
Crack growth rate

e
.o
e

| |
Crack propagation begin Wheel spalling

Figure 18. Schematic diagram of single-subsurface-fatigue-crack propagation in the wheel.

The presence of multi-source cracks alters the internal stress distribution in the wheel
and affects the SIF of the cracks, thereby modifying the crack propagation rate. Figure 19 is
a schematic diagram illustrating the influence of secondary cracks on the propagation of the
reference crack. In the early stage of crack propagation, the presence of secondary cracks
has minimal impact on the reference crack, which propagates following its original law. As
the crack growth length reaches a certain threshold, the influence of secondary cracks on
the reference crack intensifies. The reference crack accelerates its propagation toward the
direction of the secondary cracks, leading to a rapid increase in the crack propagation rate
and a sharp decrease in the wheel’s remaining peeling life. When different cracks come
into contact, crack coalescence occurs. The coalesced crack becomes larger, making the
wheel extremely prone to fatigue failure. It is defined that wheel peeling initiates when
multi-crack coalescence occurs. Although the crack has not propagated to the tread at
this time, the evaluation parameters of the coalesced crack are all higher than those of
ordinary cracks, making this the most dangerous case when secondary cracks exist and
crack coalescence takes place. Therefore, for wheels with multi-cracks in the subsurface,
timely maintenance should be carried out before the crack propagation length reaches the
critical value affected by secondary cracks.
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Figure 19. Schematic diagram of the influence of secondary cracks on the propagation life of the
main crack.

5. Conclusions

Based on the relevant parameters of the Chinese high-speed EMU train, this paper
constructs FE models of high-speed train wheels. To make the simulation more realistic, a
dynamic model is established in accordance with the relevant parameters of the Chinese
high-speed EMU train, so as to obtain the load spectrum and apply it to the wheels under
the train’s linear service conditions. This study explores the influence of the crack angle
between the fatigue crack and the horizontal plane, the crack shape, and the crack size on the
crack propagation behavior and remaining peeling life of wheels. Additionally, the effect of
secondary cracks on the propagation of the main subsurface fatigue crack in wheels is studied,
focusing on how secondary cracks influence the main crack’s stress distribution, crack tip SIF,
and crack propagation for different paths. The following conclusions are drawn:

(1) Under the complex loads acting on the wheel, the propagation mode of subsurface
cracks in wheels is mainly a mixture of modes II and III caused by shear stress, with
mode II propagation being dominant. This is consistent with the authors’ previous work
on rails. Since the cracks remain in a closed state during propagation, the influence of
the mode I SIF on crack propagation is minimal.

(2) When the fatigue crack inside the wheel forms a 45° angle with the wheel-rail contact
horizontal plane, it represents the most dangerous condition. Cracks at this angle
propagate the fastest, resulting in the shortest remaining life of the wheel. Compared
with circular cracks, elliptical cracks exhibit a greater driving force in the early stage of
crack propagation, leading to an accelerated crack growth rate and a reduced remaining
peeling life of the wheel.

(38) The presence of secondary cracks has little influence on the initial stress distribution of
the main crack, but it makes the stress singularity at the crack tip more prominent. The
maximum von Mises stress of the wheel increases as the number of multi-source cracks
increases. In the multi-crack model, the reference crack exhibits a stress distribution
different from that in the single-crack model in the direction of secondary cracks, which
proves that the reference crack gradually propagates toward the secondary cracks before
crack coalescence occurs.

(4) The presence of multi-source cracks has little effect on the mode I and mode II propaga-
tion of the main crack but has a significant impact on mode III propagation. Additionally,
it increases the overall equivalent SIF of the crack and enhances the driving force for
crack propagation, making fatigue cracks more prone to propagation and reducing the
peeling life of the wheel.
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(5) The presence of secondary cracks increases the initial driving force AKeq for crack
propagation. During crack propagation, secondary cracks have little influence on the
original propagation path of the crack. After a certain number of cycles, the original
crack rapidly propagates toward the secondary cracks until crack coalescence occurs,
making the cracks more dangerous.

This study explores fatigue crack propagation behaviors, and the results provide a
fundamental basis for formulating operation and maintenance plans for high-speed railway
wheels. However, accurate fatigue lifetime evaluation methods based on the fatigue crack
propagation results for the wheel are needed for future research.
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Abbreviations
The following abbreviations are used in this paper:

Symbol Meaning

SIF Stress intensity factor
FE Finite element

FEM Finite element method
RCF Rolling contact fatigue
Fy Vertical load

Aa/AN  Crack growth rate
AKygyq Equivalent stress intensity factor
K; Mode I crack

Ky Mode II crack

Kip Mode III crack
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