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A B S T R A C T   

The shattered rim on railway wheels is increasingly concerned in recent years. Based on the 
failure analysis, the mechanism of shattered rim was revealed. The contact stress distribution of 
wheel/rail with inclusions in the wheel was analyzed by ABAQUS. Then the stress field was 
imported into FRANC3D to simulate the crack propagation. It is found that the simulation results 
were in good agreement with those obtained experimentally from the actual shattered rim, which 
proves the availability of the simulation. Meanwhile, the influence of the size and location of the 
inclusions on the fatigue life of the wheel was evaluated. Based on the crack propagation curves 
obtained by simulation, the rolling contact fatigue damage tolerance analysis and remaining 
fatigue life assessment method of wheels were proposed.   

1. Introduction 

According to the location of initiation of fatigue cracks, three fatigue types in wheel have been defined from several fatigue failures 
of railway wheel, i.e., spalling on the tread [1–5], shelling in the subsurface of rim [6–10], shattered rim in interior of rim [11–19] as 
shown in Fig. 1. The cracks of shattered rim and shelling are generally caused by inclusions. Normally, the stability of trains is affected 
by the detachment of material due to spalling and shelling on the tread. However, shattered rim can lead to derailment or other severe 
train accidents. Therefore, the assessment of propagation life of shattered rim cracks is an important basis for wheel maintenance. 
Accurately predicting the fatigue life of railway wheels has always been an important but difficult issue for railway. 

At the early stage, shattered rims are not easily detected, but once they are found, the consequences are very serious. Thus shattered 
rims are the key research objects for damage tolerance and remaining fatigue life of a wheel [20,21]. Since the early cracks originated 
inside the rim, UT inspection can only be used for detection at present, and there is no theoretical basis. As long as a crack with an 
internal diameter of 3 mm is detected, the wheel is judged to be invalid. The size of the shattered rim crack and the detection cycle are 
also lack of theoretical basis. 

There are two basic methods for analyzing shattered rim damage tolerance and remaining fatigue life. The first one is Murakami 
analysis method based on the fatigue failure theory [22]. Based on a large number of experimental data, the empirical formula of 
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material fatigue limit σw is summarized, and the effect of defects on wheel rim fatigue performance is considered. The influence of 
defects on wheel damage is generally analyzed by finite element calculation and multi-axis fatigue theory. Murakami formula is an 
empirical formula obtained through axial fatigue test, while the main driving force of rim crack is shear force [22]. Therefore, there 
may be some deviation in evaluating the critical size of inclusions in the shattered rim according to the Murakami formula. Another 
analysis method is based on linear elasticfracture mechanics method. Because the plastic deformation region at the rim crack tip is very 
small, the theory of linear elastic fracture mechanics is applicable to the study of rim crack. Some researchers [23–25] believe that the 
rim crack is a kind of mix crack. When the amplitude of equivalent stress intensity factor of the mix crack exceeds the threshold value of 
the material, the crack begins to initiate. 

In this paper, the failure analysis of wheels with shattered rim in actual line was conducted, and the failure mechanism of shattered 
rim was revealed. Based on fracture mechanics, the research was carried out by finite element simulation which has been widely used 
in the field of strength design of high speed train [26–28] and has been widely recognized. Firstly, the software ABAQUS was used to 
help us to get the wheel-rail contact stress, which was then imported into the software FRANC3D to conduct the simulation of shattered 
rim crack propagation. The simulation results were compared with the actual rim crack failure ones, and they agree well with each 
other, which verify the validation of the simulation. At the same time, the influence of the initial crack size and location on the fatigue 
life of the wheel was studied, and the evaluation method of the damage tolerance and remaining life of the wheel rim crack was given. 

2. Shattered rim on revenue railway 

2.1. Shattered rim case 

A shattered rim on the revenue railway in China was successfully detected by the online inspection. The train wheel ran for 
450,000 km. Its area was about 30 mm × 40 mm, and the depth was about 17 mm as shown in Fig. 2. The defect area locates in the red 
rectangle. In order to explore the specific causes and conditions of the failure, the shattered rim failure analysis was carried out. Firstly, 
the part of the rim with flaw was cut out by the cutting machine. Then, the accurate location of shattered rim was determined via UT 
inspection, and its crack was opened to observe the fatigue surface. Finally, the inclusion type at the crack initiation zone was analyzed 
by SEM and EDS. According to the above analysis, the size and location of the defect causing rim crack failure can be gradually 
determined, which provides a basis for further analysis of the remaining fatigue life of shattered rim wheel. 

2.2. Shattered rim mechanism 

Depending on the results of UT inspection, the fatigue crack surface was opened by sawing, and its morphology was shown in Fig. 3. 
It was called non-penetrating shattered rim which The crack is still in the interior of the wheel and can only be detected by ultrasonic 
devices [23]. Its crack surface can be obviously seen fatigue initiation zone, and the propagation zone was not corroded due to non- 
contact with atmosphere. It is the typical fatigue feature with internal initiation zone and beach bands. The location of the crack 
initiation zone was 16.7 mm from the tread and 60.3 mm from the outer side of rim. 

The crack surface of shattered rim was observed by the scanning electron microscope (SEM). 
Fig. 4 presents that there was a complex inclusion with size of 1.54 mm in length and 0.25 mm in width. The EDS result declared 

that the inclusion was mainly composed of aluminum oxide. 
It presents the schematic for the formation mechanism of shattered rim caused by defects in Fig. 5. When the location of defect is at 

the depth of less than 10 mm from the tread, the crack will prefer to propagate to the tread since the stress near the tread is larger than 
that far away from the tread. This damaged tread can continue to work after recondition. When the defect is inside the wheel and its 
depth exceeds 10 mm, the crack will propagate to the rim, which is called shattered rim. It will lead to wheel failure and even train 
accidents. 

Fig. 1. Three fatigue types in wheel, (a) spalling on the tread, (b) shelling in the subsurface of rim and (c) shattered rim in interior of rim.  
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Fig. 2. Shattered rim and morphology of the defect.  

Fig. 3. Morphology of the opening crack surface.  

Fig. 4. One defect at initiation zone of shattered rim got by SEM, Insets showing the EDS result of defect.  
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3. Damage tolerance and remain fatigue life assessment 

3.1. Stress simulation of wheel/rail contact 

The geometry model of the wheel/rail system containing twenty thousand units with eight nodes was built by software Solidworks. 
The wheel diameter was 860 mm. Due to the nonlinear factors of the contact analysis, the contact surface of wheel/rail model needed 
to be refined. The element size of the wheel/rail model in the contact area was 1 mm × 1 mm and its average element size was 5 mm for 
other areas which were far enough from the stress concentration caused by contact region. Furthermore, for the efficiency of calcu
lation, 1/6 model of the wheels was used for the simulation based on the symmetry of the mode, as shown in Fig. 6. The vertical load 
was assumed to be the maximum design load, which was 15 ton. A Coulomb friction model was used in ABAQUS, in which the friction 
stress was proportional to the vertical pressure stress. The hub position was coupled with the hub surface by a node. The axle load with 
the maximum design value and the rotation speed of the wheel was applied through the coupling point. 

The defects which caused shattered rim crack were modeled as pores in this study. Hence, a pore was put in the finite element 
model for stress analysis. Fig. 7a represented the Von-Mises stress distribution near the pore with a diameter of 2 mm and a distance of 
10 mm from the wheel tread. Meanwhile, the curve which showed stress variation along the radial direction below the tread was 
plotted in Fig. 7b. The results declared that Von-Mises stress decreased gradually with an increasing depth from the tread. It was seen 
that the stress concentration occurs around the defect. The maximum stress was 650 MPa at the tread and the maximum stress sur
rounding the defect was 400 MPa. The Von-Mises stress was very small about 50 MPa for the depth of 25 mm from the tread. The 
multiaxial stress consists of a pressure stress in the radial direction, a shear stress in axle direction and a shear stress in circumference 
direction. Fig. 7c presents the crack growth rate curve of the wheel steel for the simulation of the crack growth later. 

As mentioned above, the fracture surfaces for the case of interior and subsurface crack initiation are different, which is attributed to 
the stress distribution of rolling contact loading. Here, finite element method was applied to analyze the stress around the contact 
surface. The results in Fig. 7 indicated that only a small region of the contact location bears high stress, the maximum stress located at 
the depth of about 2 mm while the stress in the other parts of the wheel is almost zero. Fig. 7b presents the stress variation along the 
radial direction of the wheel. For the case of shelling (subsurface crack initiation) with the depth 0–10 mm, the pressure stress is very 

Fig. 5. Schematic of shattered rim and shelling induced by defects.  

Fig. 6. Finite element modeling of wheel/rail contact system.  
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high and decreases with the increase of the depth. The existence of the high pressure will cause the severe plastic deformation near the 
tread and the press of the crack surfaces. The two shear stress increase first from the tread surface to the 2 mm depth of the wheel, and 
the maximum shear stress occurs at about 2 mm depth from the tread. These two shear stresses are the driven force of the subsurface 
crack initiation and propagation. 

3.2. Validation of crack propagation simulation 

Software FRANC3D was used for the analysis of crack propagation, crack tip SIF and residual fatigue life. According to the method 
of sub-model, there was no need to remesh of the overall finite element model during the simulation process. It’s just necessary to 
separate a part of overall model and refine the mesh to improve the simulation accuracy. The process of FRANC3D simulation was 
shown in Fig. 8. The size and location of the initial crack zone was measured by actual data. The model with prefabricated defects 
processed by FRANC3D was then brought into ABAQUS for further simulation analysis. Subsequently, the crack propagation path, 
residual fatigue life and crack tip SIF in the model could be obtained through FRANC3D. 

The type of crack propagation inside the wheel under rolling contact was a mixed mode, which included three judgment basis: 
maximum circumferential stress criterion, maximum energy release rate criterion and strain energy density theory. The energy release 
rate of crack propagation, referred to as G, was the rate at which energy was transformed as a material undergoes fracture, that is, the 
energy-per-unit-area. As shown in equation (1), in the process of crack propagation, ∂W was the work with external force. On the one 
hand, this work was used for the change of the elastic strain energy ∂Ue of the system; on the other hand, due to the increased of the 
crack propagation area, it was used to consume plastic work rp∂A and surface energy rs∂A. 

∂W = ∂Ue +(rp + 2rs)∂A (1) 

According to Irwin’s theory of the relationship between the energy release rate G and the stress intensity factor K, Zhao [29] 
proposed the fracture criterion under the mixed mode loading condition: 

G(r) =
1 − υ2

E

(π − r
π + r

)r/π
×

{(
2

3 + cos2r

)2[
K2

1 (1 + 3cos2r) + 4K1K2sin2r + K2
2 (9 − 5cos2r)

]
+

1
1 − υK2

3

}

= 0 (2)  

M
is

es
 st

re
ss

, M
Pa

Crack diameter mm

)b()a(

(c) 

Fig. 7. Von-Mises stress distribution at the defect, (a) front section view, (b) stress variation along the radial direction of the wheel and (c) crack 
growth rate curve of the wheel steel. 
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where r was the crack angle, KI, KII, and KIII are the stress intensity factor of Mode I, II and III crack. 
The path of crack propagation was along the maximum energy release rate based on the Griffith-Ivan theory. The formula of the MG 

criterion (maximum energy release rate criterion) could be derived from the Griffith-Irwin theory and then equation (2) was got. 
(
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where r0 was the crack angle. 
Software FRANC3D had a variety of models for life prediction such as Forman-Newmande, Koning, Paris, Sinh, etc. The crack 

propagation fatigue life of the wheel was predicted by the relationship between the crack size and the number of cycles. In this study, 
Paris formula was used to simulate crack propagation and predict the residual fatigue life of the wheel. Besides, the stress intensity 
factor amplitude ΔK of the crack tip could be obtained by the stress range ∂σ and the crack size a. The stress range ∂σ was determined by 
the stress amplitude of the wheel/rail at the defect. 

da/dN = C(ΔK)
m (4)  

ΔK = Kmax − Kmin = Yσmax
̅̅̅
a

√
- Yσmin

̅̅̅
a

√
= YΔσ

̅̅̅
a

√
(5)  

where C and m were material parameters, which are varied for the different crack propagation stage. Y is the geometric factor and the 
factor sqrt(π) is included in the geometric factor Y. 

There were two thresholds in the crack propagation process. When the crack tip SIF amplitude (ΔK) was less than the fatigue crack 
propagation threshold ΔKth, the crack would remain the same. However, when ΔK was more than fracture toughness KIC, cracks would 
propagate rapidly. Consequently, it had two possibilities during the crack propagation process. The crack propagation threshold of 
steel wheel was 7.7 MPa m 1/2, and the fracture toughness was 60 MPa m 1/2. Therefore, it would continue to propagate when ΔK was 
between ΔKth and KIC. When ΔK was less than ΔKth, the crack stopped growing. When ΔK was greater than ΔKth, the crack quickly 
propagated and the iteration begins. 

As mentioned before, the actual crack source of the wheel rim crack was 16.7 mm depth from the tread and 60.3 mm from the outer 
side of the rim. The size of the inclusions was 1.54 mm long and 0.25 mm wide. The service mileage of this wheelset was 550,000 km. 
The location and size of inclusion in the case of shattered rim was chosen as initial conditions for numerical simulation of crack 
propagation, and the initial crack was equivalent to an ellipse with the same area as the actual inclusion [22,23], as shown in Fig. 9a. It 
was demonstrated that the crack propagation path in the simulation was corresponded to that in the actual shattered rim case. As for 

Fig. 8. The simulation process of fatigue crack propagation in wheel rolling contact.  
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the distance in the simulation, the results showed that the number of loading cycles was 2.56 × 108 (about 670,000 km in service). It 
was obviously close to the actual value. From Fig. 9b, the wheel life under different crack lengths was computed and plotted. It showed 
that the crack propagation rate was slow in the early stage and became rapid when the crack length reached a certain value in the later 
stage. The crack critical size of shattered rim and detection cycle can be confirmed via the curve. When the initial crack diameter 2a 
(the crack size and length in this article refer to its diameter) reached to 2.0 mm, the crack propagation rate increases significantly. 
Consequently, the fatigue life of the wheel obtained by the simulation was small, which accords with the discipline of fatigue crack 
propagation. The simulation method can be used to predict the fatigue life of a wheel and study the influence of the parameters (the 
initial crack position and crack size) on the fatigue life. 

3.3. Influence of the initial size and position of the crack on wheel fatigue life 

In order to consider the influence of different initial crack sizes on the fatigue life of the wheel, circular cracks with initial lengths of 
2a = 0.2 mm, 0.6 mm, 2.0 mm were respectively set at a position of 20 mm from the wheel tread to simulate the crack propagation life. 
The simulation result was shown in Fig. 10a. The initial stage of crack propagation was very steady and consumed most of the fatigue 
life. Meanwhile, the crack length basically did not change. As the crack reached to a considerable value, the crack propagation rate 
increased rapidly, and the residual life of the wheel was only a small fraction of its total fatigue life. As shown in Fig. 10b, the stress 
intensity factor (SIF) amplitude increased with the growth of the crack diameter, which is consistent with the trend of fatigue crack 
propagation. It was appeared that the main reason for the increase of crack propagation rate was the increase of the stress intensity 
factor. 

Fig. 9a shows that the fatigue life of wheels with an initial crack diameter of 0.2 mm and 2.0 mm was significantly different. When 
the initial defect size 2a are 0.2, 0.6 and 2.0 mm, the corresponding cycle number N are 1.6 × 109, 3.0 × 108, 8.0 × 107, respectively. 
From the above simulation results, it was seen that for ultra-high cycle fatigue, the initial stage of fatigue crack propagation accounted 
for a large proportion of the total fatigue life. In addition, the size of the initial crack had a great impact on the fatigue life, and the 
smaller the initial crack size, the longer the fatigue life was. 

When the initial defects were at different depths from the tread, the fatigue life of the wheel varies greatly. A circular crack with an 
initial diameter of 1 mm was set at the depths of d0 = 5.0, 10.0 and 20.0 mm from the wheel tread to simulate its fatigue crack 
propagation life. The simulation results were shown in Fig. 11. Comparing Fig. 10a and b, it could be concluded that as the depth of the 
initial defect from the tread increased, the fatigue life of the wheel increased at the same time. However, the SIF value decreased with 
the increase of the depth of the crack from the tread surface, when the crack diameter was less than 6 mm. When the crack diameter 
was greater than 6 mm, the SIF value of the crack at the depths of 10 and 20 mm from the tread was greater than the SIF value of the 
crack at the depth of 5.0 mm from the tread. In addition, when the depths of the crack from the tread was 5.0, 10.0, 20.0 mm, the cycles 
of the loading were above 1.2 × 108, 1.7 × 108, 2.2 × 108, respectively. 

Consequently, the location of the initial crack had a significant impact on the life of the wheel with the rim crack. When the initial 
crack was close to the wheel tread, its fatigue life was reduced. It could be seen from the finite element simulation that the stress 
increased when the initial crack located near to the wheel tread, and the magnitude of the stress intensity factor also increased. 

3.4. The assessment of wheel damage tolerance and remaining fatigue life 

The initiation of cracks caused by inclusions and pores of different sizes generally located at a depth of 15–20 mm from the tread 
[15,17]. A crack with an initial length of 0.6 mm at a position of 20 mm from the wheel tread was set as a case, and its crack 
propagation curve was shown in Fig. 12a. The curve in Fig. 12 had an obvious turning point, which meant that there were two stages in 
the crack propagation process: steady propagation stage and rapid propagation stage. The number of cycles was 2.6 × 108, corre
sponding to a wheel work mileage of 710,000 km, when the crack diameter propagated from 0.6 mm to 2.0 mm. However, when the 
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Fig. 9. Fatigue crack propagation life prediction: (a) crack propagation path, (b) relationship between crack length and wheel life.  
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crack diameter propagated from 2.0 mm to 6.8 mm, the number of cycles was 7 × 107, which was equivalent to a wheel work mileage 
of 180,000 km. Therefore, in the initial stage, the crack propagation rate was slow, the diameter of the crack was relatively small, and 
this stage occupied most of the total life of the wheel. In the following process, the crack propagation rate gradually increasing, the 
remaining stage accounted only for a small part of the service life of the wheel. Thus, the threshold of crack propagation from the 
former stage to the later stage was defined as the damage tolerance. 

When the diameter of the internal crack was less than 2 mm, the wheel served safely, and its residual fatigue life was worthy of 
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Fig. 10. Fatigue life of a wheel with different initial crack diameters: (a) relationship between cycles of the loading and crack diameters, (b) 
relationship between equivalent SIF and crack diameters. 
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Fig. 11. Fatigue life of a wheel under different initial depths of the crack from the tread:(a) relationship between cycles of the loading and different 
depths of the crack from the tread, (b) relationship between the equivalent SIF and different depths of the crack from the tread. 
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Fig. 12. Crack propagation curve for the crack at the depth of 20 mm from the tread:(a) the initial diameter of the crack is 0.6 mm, (b) the initial 
diameter of the crack is 0.2 mm. 
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attention. The residual fatigue life of the wheel could be got from the crack propagation curve. According to Fig. 11a, the cyclic of the 
loading was 5 × 107, which was corresponding to a wheel work mileage of 135,000 km. In other words, if the crack inside the wheel is 
detected by the inspection equipment, the wheel can only run 135,000 km corresponding to the propagation from 1.0 mm to 2.0 mm. It 
should be paid attention that not only the position and size of the initial crack, but also the actual service load and wheel/rail con
ditions that affected the damage tolerance and residual life of the wheel. 

In the article, this method could be used to evaluate the specific inclusions inside the wheel, and whether the wheel was safe or not 
during service. As shown in Fig. 12b, a crack with a diameter of 0.2 mm was set at the depth of 20 mm from the wheel tread. When the 
crack diameter changed from 0.2 mm to 2 mm, the number of cyclic loads was 1.47 × 109, which was equivalent to a wheel work 
mileage of 3.96 million kilometers. However, the current full-life service distance of wheel was about 2 million kilometers. It could be 
seen that the wheels operated safely throughout the service cycle. 

4. Conclusion 

Based on the failure analysis of the wheel rim crack of the Chinese train, the software ABAQUS was used to analyze the wheel-rail 
contact stress distribution with inclusion defects in the wheel, and the software FRANC3D was used to simulate the fatigue crack 
propagation. Researches on the evaluation of the damage tolerance and remain fatigue life of the railway wheel under rolling contact 
loads was conducted. The conclusions are as follows:  

(1) The failure analysis of rims showed that the cracks originated from alumina inclusions inside the rims, the size of which was 
above the value in standard. fatigue life corresponding to the service mileage was over 107.  

(2) The distribution of contact stress increased at first and then decreased as the depth of the defects from the tread surface 
increased, and the stress concentration near the inclusion was obvious.  

(3) With the increase of the initial crack size, the fatigue life of the wheel decreased significantly. The fatigue life reached more than 
109 cycles when the initial crack length was 0.2 mm, and the fatigue life was about 107 cycles when the initial crack length was 
2.0 mm. With the increase of initial crack depths, the fatigue crack life also increased obviously. The fatigue cycles were more 
than 1.2 × 108, 1.7 × 108 and 2.2 × 108 when the initial crack depth was 5, 10 and 20 mm from the tread surface, respectively.  

(4) Based on the crack propagation curves obtained by simulation, a method for analysis of the fatigue damage tolerance of the 
wheel and the remaining life evaluation was developed. The critical dimension of the initial crack propagation into the rapid 
expansion of 2 mm was taken as the damage tolerance of the wheel rim crack when the crack is in the depth of 10 mm. 
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