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Abstract 
 
High magnitude impact loads caused by a defective wheel may excite various vibration modes of the wheelset, and contribute to ad-

versely increases in the stress states of wheelset axle in high-speed conditions. In this study, the wheelset is treated as a flexible body 
using the finite element method, then integrated to a multi-body dynamic model of a high-speed train coupled with a flexible track slab 
model. Through this model the effects of wheel defects considering wheel flats and wheel polygonalizations on the stress states of wheel-
set axle are evaluated in terms of bending stresses of the wheelset axle. The damage tolerances of the wheelset axle are subsequently 
predicted using the NASGRO algorithm. The results suggest that the impact forces caused by wheel flats and wheel polygonalizations at 
the wheel-rail interfaces can result in the resonance vibrations of a wheelset and give rise to severe variations in dynamic stresses of the 
wheelset axle. The wheel defects-induced stress load cycles considerably contribute to the propagations of the initial crack in the wheel-
set axle, especially for the wheel polygonalization.  
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1. Introduction 

The wheels of railway vehicles invariably exhibit some im-
perfections attributed to either the manufacturing defects or 
wear caused by wheel/rail interactions. The imperfections on 
the wheels, usually referred to as wheel defects, can impose 
considerable impact loads at the wheel/rail interface leading to 
severe damages to the vehicle-track system including the 
wheelsets, bearings, rails, sleepers and the track foundation [1]. 
In addition, it also substantially increases the maintenance 
costs associated with re-profiling of the wheels. In North 
America the railway industry spends nearly $90 million annu-
ally to replace 125000 wheels due to the wheel defects, while 
the spalled wheels alone cost $15 million annually [2].  

Wheel defects primarily include flats, shelling, spalling, 
wheel corrugation and wheel polygonalization. The flats, 
shelling and spalling are usually regarded as local defects with 
shorter wavelength, while the wheel corrugations and polygo-
nalization are defects with longer wavelength around the 
wheel circumference [1]. The occurrences of these defects can 
generate high magnitudes of impact forces between wheel/rail 
interfaces in high-speed trains. According to the existing in-
vestigations, two types of wheel defects, namely, wheel flats 
and wheel polygonalizatons, are frequently observed in high-

speed trains. Thus, the main objectives of this study mainly 
focus on wheel flats and wheel polygonalizations. 

A wheel flat is a flat spot on the rolling surface of a wheel 
generally caused by sliding of the wheel on the rail. The wheel 
sliding could be attributed to poorly adjusted, frozen or defec-
tive brakes, or high level of braking forces compared with the 
available wheel/rail adhesion. The contaminations on the rail, 
including leaves, grease, frost and snow, are also regarded as 
another critical contributor of the wheel flat [3]. The geometry 
of a wheel flat is commonly described by either a chord-flat or 
a cosine-flat [4]. A chord-type flat represents a newly formed 
wheel flat with sharper edges. During service, such sharper 
edges of chord-type flat tend to become more rounded, which 
is more adequately described by a cosine-type flat, also re-
ferred to as a haversine flat. The effects of flats on wheel/rail 
impacts considering a haversine flat have been widely investi-
gated theoretically and experimentlly [5-11]. Through a finite 
element model of the vehicle-track system, Dukkipati and 
Dong [10] concluded that the magnitudes of impact loads due 
to wheel flats are strongly affected by the shape and size of the 
flat, axle load, vehicle speed and rail-pad stiffness, and reduc-
ing the rail-pad stiffness could lower the magnitude of impact 
forces. Johansson and Nielsen [12] investigated the wheel 
flats-induced impact forces experimentally and analytically. 
The study presented validations of two types of track models, 
namely, the linear [13] and the state-dependent [6] track 
model using the measured data. The results suggested that the 
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linear model underestimates peak wheel/rail impact forces up 
to the speed of 50 km/h, and overestimates the forces above 
70 km/h. Although the state-dependent track model showed 
better agreements with the measured data, it also overesti-
mated the impact forces for speeds above 70 km/h. 

The polygonal wear of railway wheel is a periodic uneven 
wear on the wheel circumference. In the past decades, the low 
order polygonal wear such as 1st order and 3rd order, were 
often observed in wheels of freights and conventional passen-
ger cars [1], while the higher order polygonal wear (20th or-
der) has been observed in high speed trains recently [14]. Such 
polygonal wear adversely affects the ride comfort of passen-
gers and safety of vehicle components [15]. The mechanism 
of the polygonal wear, however, has not yet been clearly un-
derstood. Using the perturbation techniques and the method of 
multiple time scales, Brommundat [16] theoretically studied 
the growth of wheel non-circularity due to wheel/rail interac-
tions and the rotational inertial of wheels. The results sug-
gested that the increase in speed can lead to rapid growth in 
lower harmonics of the non-circularity.  

Morys [17] proposed a long term wear accumulation itera-
tion model together with a coupled vehicle/track dynamic 
model and a short term wear model to investigate the growth 
in wheel polygonalization for an ICE (InterCity Express) pas-
senger car. In the model, the wheelset was represented by 8 
rigid bodies coupled through three dimensional damped spring 
elements to consider the bending and torsional elasticity. The 
long term wear model was based on the hypothesis of short 
term wear model considering that the mass excavation at each 
point of the wheel circumference is proportional to the wear 
energy within the contact patch. The results suggested that the 
normal force variations due to the wheel polygonalization can 
excite the bending oscillations of the wheelset axle lending to 
lateral slips between the wheel and the rail and lateral material 
excavations. Johansson and Andersson [18] also used similar 
iterative approach to study the out-of-roundness of wheels and 
concluded that the wheel polygonalizations are attributed to 
vertical resonance of vehicle/track system near 40 Hz, and the 
lowest vertical track anti-resonance near 165 Hz. 

A number of studies have been employed to study the ef-
fects of wheel polygonalization on dynamic performance of 
vehicles [14, 15, 19-21]. Using a vertical vehicle/track cou-
pled dynamic model, Liu [21] reported that a polygonal wheel 
generates considerable fluctuations in the wheel/rail contact 
forces, and the impact forces become more sensitive with 
increasing speed, especially for the high order polygonal 
wheels. Zhang [14] investigated the relationships between the 
polygonal wear and the noise generation in a high-speed train 
experimentally and theoretically, and suggested that the po-
lygonal wear strongly affects the noise level emitted by the 
wheel/rail interactions. 

The aforementioned investigations mainly focused on im-
pact forces and noise generations caused by wheel defects at 
the wheel/rail interfaces, while the stress states of the wheelset 
axle in the presence of wheel defects have not yet been studied 

extensively. High magnitudes of impact forces induced by 
wheel defects can cause severely flexible vibrations of wheel-
set axles, and then contribute to the considerable increase in 
the stress states of wheelset axles, which can impose ex-
tremely threatens to the running safety of rail vehicles and 
reduce the residual lifetime of a wheelset axle in the occur-
rences of initial cracks. Consequently, the stress states and 
damage tolerances of a wheelset axle in the presence of wheel 
defects are discussed in this study by using a coupled vehi-
cle/track model integrating with a flexible wheelset model. In 
this model, a rigid-flexible coupled vehicle dynamic model 
treating the wheelset as a flexible body is formulated in the 
Simpack platform. The track, modeled as a Timoshenko beam 
discretely supported on a flexible track slab in the Simulink 
platform, is subsequently integrated to the multibody dynamic 
model of the vehicle in the Simpack platform through the co-
simulation interface SIMAT (Simpack-Matlab co-simulation). 

 
2. Coupled vehicle/track dynamic model 

The coupled vehicle/track dynamic model is formulated by 
a rigid-flexible coupled vehicle dynamic model and a slab 
track model. The commercial software SIMPACK is em-
ployed to develop the rigid-flexible coupled vehicle dynamic 
model together with a rotating flexible wheelset model. The 
slab track model is formulated by Simulink using the modal 
synthesis method. The rigid-flexible coupled vehicle dynamic 
model and the slab track are then integrated using a communi-
cation module SIMAT, as illustrated in Fig. 1. 

 
2.1 Modelling of flexible wheelset 

The wheel/rail impact force could cause the elastic defor-
mation of the wheelset. Such elastic deformations of wheelset 
can significantly affect the estimations of wheel/rail contact 
forces and axle box accelerations. A rotating flexible wheelset 
model, developed by using the modal synthesis method, is 
thus integrated into the vehicle dynamic model to represent 
the dynamic responses of wheelset more realistically. In the 
model, the reference frame that describes the translational and 
rotational motions of wheelset is employed to represent the 
flexible wheelset, as shown in Fig. 2(a). 

The elastic deformations of the wheelset due to the external 
forces can be defined with respect to this frame, which can be 
given by [22] 

 
d(c, t) = c+ u(c, t)                 (1) 

 
where d is the displacement vector from the reference frame 
to the material point after loading, c indicates the position of 
the material point in the un-deformed state, u is the elastic 
displacement vector associated with the reference position c 
and the time t. Using the modal approach the elastic deforma-
tion u(c, t) can be expressed as 
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u(c, t) = F(c) qw(t)                (2) 
 

where qw(t) denotes the generalized coordinates of the elastic 
deformation, F(c) is the time-invariant modal shape matrix, 
which can be obtained from the finite element model of 
wheelset. In this study, the finite element program ANSYS is 
utilized to build the FEM model of wheelset using the element 
type of Solid 45 provided by ANSYS, which leads to 53524 
nodes and 43764 elements totally, as illustrated in Fig. 2(b). 
The eigen-mode of wheelset is calculated by the modal analy-
sis. Since the high frequency vibrations induced by the wheel 
defects are the focus, 58 vibration modes of wheelset are taken 
into account considering the highest frequency occurring at 
frequency of 2533 Hz, as shown in Fig. 3. To consider the 
local deformation caused by the external forces (wheel/rail 
contact forces and primary suspensions) static modes are 
taken into account as additional shape functions [23]. The 
static modes can be considered as either Frequency response 
modes (FRM) or Inertial relief modes (IRM). In this study, the 
inertial relief modes are used to describe the static modes, 
which results in 12 IRMs for the primary suspension and 6 
IRMs for the wheel/rail contact forces in the model. 

Using the modal approach equations of motion for the 
flexible wheelset model can be expressed as, 

 
2 22 ( )w w w qq Gq K C q Q L- W + + W = + W% %% %&& &       (3) 

 
where W  is the spinning angular velocity of the wheelset, 
G% expresses the gyroscopic matrix, K% is a diagonal matrix 

containing the square of the natural frequencies of wheelset, 
2

wCqW % and 2LW % denote the centripetal acceleration due to 
rotation: The former is associated with the deformation of the 
solid and the latter with the undeformed shape, qQ is the gen-
eralized force vector. 

The displacements of the wheelset at any material point, 
thus, can be given as 

 

{ }
1

u=
NM

j j
j

q q
=

F = é ùë ûå Φ                            (4) 

 
where u is the displacement of the wheelset at the desired 
point, jF  is the jth mode vector, jq is the modal coordinates 
for the jth mode, NM is the total number of modes considered 
in the flexible wheelset.  

The stresss of the wheelset axle at any given point can be 
written as 

 
{ } { } { }qs e= =é ù é ùé ùë û ë ûë ûD D B                       (5) 

=é ù é ùé ùë û ë ûë ûB L Φ                           (6) 
 

where D is the elasticity matrix, L is the linear operator re-
lating the strain e and the displacement u, Φ is the modal 
vector matrix. 

 
2.2 Rigid-flexible coupled vehicle dynamic model  

The Simpack platform is employed to establish the rigid-
flexible coupled vehicle dynamic model since its feasibility 
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Fig. 1. Schematic of coupled vehicle/track dynamic model. 
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Fig. 2. Modelling of flexible wheelset. 
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has been widely accepted by researchers. The vehicle is a 
typical High speed train model consisting of a car body, two 
bogie frames, four wheelset and eight axle boxes, as shown in 
Fig. 4. The car body rests on two bogies through secondary 
suspensions, and the wheelsets are connected to the bogie 
frame by the primary suspensions in the vertical direction and 
the axle boxes via the rubber elements in the longitudinal di-
rection. The primary and secondary suspension are modelled 
as linear springs in parallel with linear dampers acting in three 
directions. In the model, the car body and the bogie frame are 
modelled as rigid bodies with 6 degrees of freedom, and only 
the pitch motion with respect to the wheelset is taken into 
account for the axle boxes, while the wheelsets are established 
as the rotating flexible wheelsets using the aforementioned 
approach.  

 
2.3 Slab track model 

The slab track system that consists of rails, fastener system, 
track slab, Cement asphalt mortar (CAM) layer and concrete 
roadbed has been widely adopted in the high-speed railway 
line due to its low maintenance characteristics, as shown in 
Fig. 5. Therefore, the slab track model is taken into account in 

this study, in which the rails and the track slab are, respec-
tively, formulated by the Timoshenko beam theory and the 
finite element method, while the fastener system and CAM 
layer are established as a set of linear spring-damper elements. 
In this study, the lateral, vertical and rotation motions of the 
rail are included, whereas, only the vertical motion of the track 
slab is taken into consideration. 

 
2.3.1 Rail model 

The loads acting on the rail can be illustrated in Fig. 6. On 
the basis of the Timoshenko beam theory [24], the equation of 

 
 
Fig. 3. Vibration modes considered in the flexible wheelset. 
 

Car body

Rear bogie 

Front bogie 

Bogie frame Leader 
wheelset

Trailer 
wheelset Axle box  

 
Fig. 4. Vehicle dynamic model. 
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Fig. 5. Slab track system. 
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motions of rails can be expressed as below: 
Vertical deflections of rails: 
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Lateral deflection of rails: 
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Torsion deflection of rails, 
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where z, y andf are, respectively, the vertical, lateral and tor-
sion deflection of rail, zy and yy are the rotation deflection of 
the cross section with respect to the y and z axis, m is the mass 
of rail per unit length, r is the density, A is the area of cross 
section for the rail, G is the shear modulus, E is the Young’s 
modulus, Iy and Iz are the second moments of area for rail 
cross section around the y and z axis, I0 is the polar moment of 
inertia of the rail cross section, yk and zk are the lateral and 
vertical shear coefficients, sziF , syiF and siM  denotes the verti-
cal, the lateral forces and thee moments between the rail and 
ith support, wrzjF , wryjF and GjM represents the vertical and 
lateral wheel/rail forces and the moments acting on the rail, 

( )sixd is the Dirac delta function, six is the coordinate of ith 
support, wjx is the coordinate of wheel j, Ns and Nw are the 
number of support and wheelset. According to the modal su-
perposition method and normalized mode shape function of 
rail, the deflection of rail can be expressed 
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where the ( )zkq t , ( )ykq t and ( )Tkq t  are, respectively, the 
modal coordinates in vertical, lateral and torsion direction, 

( )zk tw and ( )yk tw are modal coordinates about the y and z axis, 
( )kZ x , ( )kY x and ( )k xF  denote the mode shape functions of 

rail for the vertical, lateral and torsion, respectively. 
( )yk xY and ( )zk xY  are the kth mode shape functions of the 

rail cross-section rotation about the y and z axis. In this study 
the mode shape functions of simply supported beam are taken 
into account [25]. 

   
2.3.2 Slab track model 

According to the finite element method, the equations of 
motion for slab track model in the global coordinate system 
can be expressed as [25] 

 
{ } { } { } { } { }sz pM x C x K x F F+ + = +é ù é ù é ùë û ë û ë û&& &        (13) 
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Fig. 6. Rail model. 
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where [M], [C] and [K] denote the mass matrix, damping ma-
trix and stiffness matrix, respectively. { }szF  is the force be-
tween the rail and slab, { }pF  expresses the support forces of 
slab. Using the modal superposition principle, the Eq. (22) can 
be transformed to a set of uncoupling equations 
 

n n n n n n nM X C X K X P+ + =&& &              (14) 
 

where nX  is the modal coordinates, nM , nC , nK and nP  are 
the normal coordinate generalized mass, damping, stiffness, 
and load for nth mode, respectively. The displacement of the 
slab track can be evaluated through the modal superposition 
method, as follows: 
 

{ } { } { }{ }
mod

1

.
eN

nn i
n

x X Xf
=

= = Få             (15) 

 
2.4 Wheel/rail contact model 

The profiles of the wheel and the rail adopted in this model 
are, respectively, S1002CN and Rail 60. Fastsim [26] is em-
ployed to evaluate the lateral and longitudinal creep forces 
between the wheel and the rail. The normal forces of 
wheel/rail interface are evaluated using the Hertzian contact 
theory [27].  

The wheel flat can be classified into the new formed wheel 
flat and the haversine wheel flat [4]. The new formed wheel 
flat with sharp edges tends to be more round as the wheel 
continuously operates, and then transfers to the haversine 
wheel flat. Consequently, the haversine wheel flat is employed 
to describe the wheel flat, as shown in Fig. 8. The variations of 
the radius in the contact point r(t) can be expressed as: 

 
1( ) 1 cos(2 / )
2 f fr t D x Lpé ù= -ë û               (16) 

 
where fD is the flat depth associated with the wheel radius R, 
and can be given as  

2 / (16 ) .f fD L R=                         (17) 

 
An ideal polygonal wheel can be described through har-

monic deviations, as shown in Fig. 9, which can be expressed 
as:  

 
( sin )sin
( sin )cos

[0,2 ]

x R A N
y R A N

j j
j j

j p

= +ì
ï = +í
ï Îî

                    (18) 

 
where A denotes the amplitude of the wheel polygnoalization, 
j defines the wheel rotation angle, N describes the order of 
polygon wear, which is considered as 20 in this study. 

 
3. Validations of stress states of wheelset axle through 

the finite element method 

In this study, the stress states in the wheelset axle are evalu-
ated from the modal stress using the modal stress recovery 
method [28]. Its accuracy largely depends on considered vi-
bration modes in the flexible wheelset model. The finite ele-
ment method is thus employed to validate the feasibility of the 
flexible wheelset model that used in the estimations of stress 
states of the wheelset axle. The stresses in y direction of 5 
points locating at 5 critical sections of the wheelset axle are 
taken into consideration to identify the bending stresses of the 
wheelset axle due to wheel defects, as shown in Fig. 10.  

For the purpose of validation, the dynamic stresses of the 
wheelset axle showed in Fig. 11 are estimated without consid-
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Fig. 8. Haversine wheel flat. 
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eration of wheel defects and track irregularities, which usually 
referred to the quasi-static stress states under the static wheel 
loads. The quasi-static stress states of wheelset axle express a 
waveform of sinusoid wave due to wheel rotations, and fluc-
tuates at a period of 0.104 s attributed to the wheel rotation 
frequency at a speed of 100 km/h. In addition, the maximum 
and minimum points of dynamic stresses represent two differ-
ent stress states at selected points, namely, the tension and 
compression stress states. Alternatively, the quasi-static stress 
states of a wheelset axle under the static wheel loads can also 
be evaluated using the finite element method through the static 
analysis. The comparisons in the stress states of the wheelset 
axle obtained by the modal stress and the finite element 
method are summarized in Table 1. It can be seen that the 
quasi-static stresses at Point A, B, D and E obtained by the 
modal approach are a little bit smaller than the FEM’ results 
due to the truncation errors of mode frequencies for the flexi-
ble wheelset model. In this study the considered mode fre-
quencies of the wheelset reach up to 2533 Hz to cover most 
interested frequencies ranges, thus, these errors are accepted in 
our theoretical study to lead to more conservative results. 

 
4. Stress states of wheelset axle induced by wheel flats 

In the case of wheel flats, the wheel flats are considered at 
the same position of each side of wheels in the simulations. 
Fig. 12 indicates the dynamic stresses of the wheelset axle 
caused by a flat with size of Lf = 60 mm at a speed of 100 km/h. 
It can be observed that the flats-induced impact forces impose 
significant fluctuations in the troughs of dynamic stresses in 
comparison with the quasi-static stress states (results in Fig. 
11). It implies that the stress states of selected points 
experience the compression states during the impacts of wheel 
flats, while the tension stress states also can be obsevered 
associated with positions of the selected points in a wheelset 
axle. The results also show that Pt. A, Pt. C and Pt. E 
experience more severe fluctuations compared to those of Pt. 

B and Pt. D, which means that the Sec. A, C and E are more 
sensitive to the flats-induce impact forces.  

To exhibit the effects of wheel flats on flucutations of 
dynamic stresses in the wheelset axle, comparison analyses for 
the case of Lf = 60 mm between the flats-induced dynamic 
stresses and the quasi-static stress are plotted in polar 
coordinate system, as shown in Fig. 13. Owing to the wheel 
flats-induced impact forces the dynamic stresses of wheelset 
axle express notable fluctuations around the quais-static stress 
states. Moreover, the peak-peak fluctuation amplitudes around 
the quais-static stress state for the Pt. A and Pt. E reach about 
23.2 MPa and 21.2 MPa, respectively. 

The stress states of the wheelset axle involving different flat 
sizes and forward speeds are illustrated in Fig. 14. As the re-
sults indicate that the stress variations of wheelset axle are 
significantly dependent upon vehicle speeds and wheel flat 
sizes. In the case of Lf = 60 mm, the maximum stress ampli-
tudes of Pt. A, Pt. C and Pt. E reach about 32.2 MPa, 
36.5 MPa and 33.1 MPa, respectively. 

The stress increment ratio, defined as the stress increment in 
a wheelset axle over the quais-static stress state, is used to 
exhibit the effects of vehicle speeds and wheel flat sizes on the 
stress variations of wheelset axleas shown in Fig. 15. It can be 
seen that when the size of wheel flat exceeds 40 mm, the stress 
increment ratios of Point A and Point C are extremly sensitive 
to the wheel flat sizes, and increase sharply with the wheel flat 
sizes. The stress increment ratios of Point A and Point C reach 
the peak of 23.8 % and 12.4 % in the case of Lf = 60 mm. For 
Point E, the stress increment ratios increase monotonously as 
the size of wheel flat increases, and reach the maximum value 
of 35.1 % in the speed range 150 ~ 200 km/h for the case of Lf 
= 60 mm.  

On the basis of above investigations, the wheel flats are 
identified as the local effects on the dynamic stresses of 
wheelset axle in one wheel revolution. Nevertheless, it also 
can result in increases in the stress states of the wheelset axle 
up to 35.1% stress increment ratio for the case of Lf = 60 mm. 
Although the maximum fluctuation amplitudes of wheelset 
axle stress induced by wheel flats are still lower than the fa-
tigue limits defined by EN 13103/13104 [29] in our consid-
ered situation, it could raise the concerns on the damage toler-
ances of the wheelset axle in the occurrences of initial cracks. 
Therefore, it is neassary to take the damage tolerances of a 
wheelset alxe into considerations in the removal criteria of the 
wheel flats. 

 
5. Stress states of wheelset axle induced by wheel po-

lygonalization 

Compared with wheel flats, wheel polygonalization is a 
kind of periodic wear along the wheel circumference, which 
could generate high magnitudes and high frequencies impact 
forces at the wheel/ rail interfaces and impose extremely 
threaten to the running safety of railway vehicles [21]. The 
wheel polygonalization with 20 orders was recently observed  

Table 1. Comparisons in the stress states of the wheelset axle (MPa). 
 

Stress states (MPa) Point A Point B Point C Point D Point E 

Modal method 25.2 24.3 32.1 25.5 26.3 

FEM 29.0 29.7 32.6 29.8 29.5 
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Fig. 11. Dynamic stresses of wheelset axle. 
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in some railway vehicles, which gives rise to about 576 Hz 
high frequency vibrations at wheel/rail interfaces when the 
vehicle operates at a speed of 300 km/h. Such high frequency 
vibrations impose tremendous influences on the safety of ve-
hicle/track system. The wheels with the 20th order polygonali-
zation are thus taken into account in this section. 

Through the coupled vehicle/track dynamic model incorpo-
rating with the flexible wheelset model, the dynamic stresses 
of the wheelset axle in the presence of wheel polygonaliza-
tions (0.16 mm) are evaluated at a speed of 180 km/h, as 
shown in Fig. 16. It can be observed from Fig. 16(a) the dy-
namic stresses of the wheelset axle experience severe fluctua-

tions due to the wheel polygonalization-induced impact loads. 
Figs. 16(b)-(f) illustrate the effects of wheel polygonalization 
on the dynamic stress in the wheelset axle through comparing 
to the quasi-static stress in the polar coordinate system. The 
results indicate that the dynamic stresses of Point A, C and E 
are very sensitive to the wheel polygonalization-induced im-
pact forces, and the peak-peak fluctuation amplitude reach a 
maximum value of 35.9 MPa at Point A. 

Fig. 17 illustrates the maximum stress of the wheelset axle 
considering different wheel polygonalization amplitudes and 
vehicle forward speeds. The results show significant increases 
in the stress states of the wheelset axle in the speed range 
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Fig. 12. Dynamic stress of wheelset axle in the case of Lf = 60 mm in case 3. 
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Fig. 13. Comprison analyses between the flats-induced dynamic stress and quasi-static stress states for the case of Lf = 60 mm. 
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120~240 km/h for the Point A, C, E. The stresses sy reaches 
the maximum value at the speed of about 180 km/h, and then 
decrease with the continuously increased vehicle speeds. 
Since the passing frequency of the 20th order wheel poly-
gonalzaition at the speed of 180 km/h is about 345.9 Hz clos-
ing to the natural frequency of the wheelset 361.7 Hz (in Fig. 
3), these increases in the wheelset axle are mainly attributed to 
the structural resonance of the wheelset in the speed range 
120~240 km/h. Similarly, the increases for Point B and D 
above the speed of 160 km/h are also induced by resonance 

vibrations of the wheelset.  
The relationships between the maximum stress increment 

ratios and wheel polygonalization amplitudes are given in Fig. 
18. It can be seen that in the considered speed range (60~380 
km/h) the maximum stress increment ratios increase monoto-
nously with the amplitudes of wheel polygonalization, and 
reach about 100% for the Point B and D at the wheel polygo-
nalizaiton amplitude of 0.1 mm. Such high dynamic stresses 
impose extremely threaten to the safety of vehicles and lower 
the damage tolerances of the wheelset axle in the presence of  
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Fig. 14. Stress states of wheelset axle at different speeds. 
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Fig. 15. Stress increment ratios of the wheelset axle due to wheel flats. 
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Fig. 16. Dynamic stresses of wheelset axle due to wheel polygonalization at speed of 180 km/h.  
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Fig. 17. Stress states of the wheel axle caused by wheel polygonalizations. 

 



 X. Wu and M. Chi / Journal of Mechanical Science and Technology 30 (11) (2016) 4845~4857 4855 
 

  

wheel polyonalization. 

 
6. Damage tolerances of wheelset axle in the presence 

of wheel defects 

According to the above investigations, the wheel defects-
induced stress amplitudes are smaller than the fatigue limits 
240 MPa defined by EN standards, while it could contribute 
to the propagations of initial cracks in the wheelset axle. The 
damage tolerances of wheelset axle in the presence of wheel 
defects are evaluated to exhibit the effects of wheel defects on 
the residual lifetime of a wheelset axle with an initial crack. 

A typical stress spectrum of a wheelset axle due to wheel 
defects consist of quasi-static stresses and dynamic compo-
nents, as shown in Fig. 19. Quasi-static stresses are regarded 
as results of wheel rotations under static wheel loads, while 
the dynamic components around quasi-static stresses are 
mainly introduced by the wheel defects-induced impact forces. 
Fig. 20 shows load cycles during a wheel revolution obtained 
using the rail-flow counting method. In the load cycles spec-
trum, there are two types of load cycles, namely, wheel de-

fects-induced load cycles and wheel rotation- defects-induced 
load cycles. Wheel rotation-defects-induced load cycles are 
considered as the results of superposing the load cycles caused 
by wheel defects and wheel rotations, consequently, the am-
plitudes of wheel rotation-defects- induced load cycles are 
apparently larger than wheel defects-induced load cycles. 
Meanwhile, the wheel rotation-defects-induced load cycles are 
characterized by large amplitudes and small mean values, and 
the stress ratio R is close to -1, which may contribute to the 
propagation of initial cracks in a wheelset axle.  

The crack propagation algorithm used in this study is based 
on the NASGRO algorithm [30], which is given by: 
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where a is crack length, N is number of load cycles, C, n, p, q 
are empirical coefficients, R is stress ratio, ∆K is the Stress-
intensity-factor (SIF) range, ∆Kth is the threshold of SIF, Kmax 
is the SIF of the maximum loading force in the cycle, Kc is 
critical value of SIF referred to fracture toughness, f is New-
man’s function describing closing of the crack, a0 structural 
crack length that depends on the material grain size. ∆Kth0 
threshold SIF at R = 0, Cth curve control coefficient for differ-
ent values of R. In this study, the material of the axle is con-
sidered as steel, the initial length of crack is 2 mm, the thresh-
old value of SIF ∆Kth is taken as 2 ,MPa m  0.001,q =  

0.029,thC = - 104.53 10 , 2.09, 1.3C n p-= ´ = = . 
Based on the above wheel defects-induced load cycles, the 
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Fig. 18. Relationship between maximum stress increment ratios and 
amplitude of wheel polygonalization. 
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Fig. 19. Typical stress spectrum of wheelset axle induced by wheel 
defects (flats, polygonalization). 
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Fig. 20. Typical load cycles during a wheel revolution obtained by rail-
flow counting. 
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Stress-intensity-factors (SIF) due to the wheel flats are less 
than the threshold value of SIF ∆Kth, which means that the 
initial crack would not propagate due to the flats-induced im-
pacts in our considered situations. Therefore, the case of 
wheel polygonalization is only taken into consideration in this 
section, meanwhile, the wheel rotation-defect-induced load 
cycles are only considered since the wheel defect-induced 
load cycles are small and cannot result in the propagations of 
crack. Consequently, the analyses of damage tolerances of a 
wheelset axle in the presence of wheel polygonalization can 
be conservatively simplified as a case of wheelset axle under 
constant amplitude load cycles. 

Through the NASGRO equations, the crack growth in the 
wheelset axle is evaluated as a function of the residual operat-
ing distances of vehicle in the presence of wheel polygonaliza-
tions, as shown in Fig. 21. It can be seen that with the increase 
in operating distances of vehicle the size of crack in the 
wheelset axle propagate rapidly, and the amplitudes of load 
cycles show significant influences on the propagations of 
crack and remaining operating distances of the wheelset axle. 
Therefore, a reasonable inspection strategy for a wheelset axle 
should be established to avoid the wheel polygonalization-
induced axle fracture in the presence of wheel polygonaliza-
tions.  

 
7. Conclusions 

In this paper, a comprehensive coupled vehicle/ track dy-
namic model integrating with a flexible wheelset model is 
formulated to investigate the stress states of the wheelset axle 
in the presences of wheel defects. The stress states of the 
wheelset axle are evaluated by using the modal stress recovery 
method, and validated by the finite element method. The vali-
dation results show a little bit errors in the stress states that 
obtained by the model stress recovery method due to the trun-
cation errors of mode frequencies for the flexible wheelset 
model, which lead to more conservative results. The wheel 
defects-induced impact forces could results in severe fluctua-
tions in the stress around the quasi-static stress of wheelset 

axle. For the case of wheel flats, the stress increment ratio of 
the wheelset axle become sensitive to the size of flat when the 
flat size exceeds 40 mm. In addition to wheel polygonaliza-
tions, the resonance of wheelset axle can be excited, which 
leads to the notably increases in the stress states of the wheel-
set axle. Moreover, the maximum stress increment ratios in-
crease monotonously with the amplitudes of wheel polygo-
nalization and could reach up to 100 %. The damage toler-
ances of the wheel axle evaluated by NASGRO equations 
indicate that the wheel polygonalization-induced impact 
forces impose significant influences on the residual operating 
distances of a wheelset axle in the occurrences of initial crack 
in the axle. The residual lifetime of the wheelset axle decrease 
considerably with the increase in stress amplitudes. Whereas, 
further experimental investigations are needed to validate the 
wheel defects-induced load cycles and the residual lifetime of 
wheelset axle in the presence of wheel polygonalizations. 
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