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Axle bearings (AXBs) are critical parts for high-speed railway trains (HSTs). Local faults in the AXBs have great
influences on the operational dynamics of HSTs. Although some previous works formulated the local faults in
single AXB, the vibrations of the whole train system with the defective AXB cannot be described. To overcome
this problem, this study conducts a dynamic model for a HST considering a local fault in one AXB. The previous
single AXB model cannot formulate the studied case. The impacts caused by the fault in the AXB is defined as a
time-dependent force model considering a half-sine type. The road spectrum excitations from the roadbed and rail
are formulated by a track irregularities model. The effects of the train speeds and fault sizes on the HST dynamics
are introduced. The simulation results from the proposed and previous works are contrasted to show the model
validation. The results show that the faults in the AXB will greatly affect the HST dynamics. It depicts that this
study can afford a more reasonable approach for understanding the dynamics of HSTs considering the defective
AXBs compared to the reported single AXB model.

NOMENCLATURE

Bd roller diameter, mm
Cr damping of the rail and roadbed, N/m
C1 equivalent damping of the first suspension, KN·s/m
C2 equivalent damping of the second suspension, KN·s/m
Cb damping of the axle bearing, KN·s/m
ci contact angle parameter
ddef fault width, mm
Dpm bearing pitch diameter, mm
f time frequency, Hz
fw rotational frequency of inner ring, Hz
fc rotational frequency of cage, Hz
fi roller passing frequency for inner ring, Hz
fo roller passing frequency for outer ring, Hz
fb roller spinning frequency, Hz
FD dynamic force, N
Fs static force, N
FT total impact force, N
Fr radial load, N
g gravitational acceleration, m/s2
l roller length, mm

Kcs contact stiffness between the ring and roller, N/m
Kr equivalent stiffness of the rail and roadbed, N/m
K1 equivalent stiffness of the first suspension, MN/m
K2 equivalent stiffness of the second suspension, MN/m
Kb equivalent contact stiffness of the axle bearing, MN/m
Mc train body mass, ton
Mt bogie frame mass, ton
Mw wheelset mass, ton
Ns rotational speed of inner ring, r/min
S power spectral density (PSD) value, mm2·Hz
V train speed, km/h

Z number of rollers
αo contact angles for outer ring, degree
αi contact angles for inner ring, degree
αf contact angles for rib, degree
Ω spatial frequency, Hz
ψi ith roller angular position, rad
ε load distribution parameter

λimp impact factor

1. INTRODUCTION

Axle bearings (AXBs) are a critical part for high-speed rail-
way trains (HSTs). Local faults in the AXBs have great in-
fluences on the operational dynamics of HSTs, as well as the
manufacturing errors.1, 2 As the most ones, wear between the
roller and rings is caused by the lubricating film2. Another
one is the spalls due to the sub-surface stresses causing the
surface inelastic deformations.3–6 The fault may be a surface
wear caused by the fatigue, which can grow to the fracture and
cracking faults.7, 9 Numerous derailments in the railroad in-
dustry are caused by catastrophic axle bearings.8, 9 When the
faults occur in the axle bearings, the impact forces in the bear-
ing should be produced. This phenomenon can greatly affect
the vibrations and noises of the axle bearings, as well as the re-
liability and safety of the HST system. Therefore, the dynamic
analysis of the axle bearings with the local faults is very useful
for vibration control methods and condition monitoring of the
HSTs.

A lot of experimental and numerical approaches were pro-
vided to study the vibrations of AXBs. The simulation method
can provide a clear and in-depth understanding of the vibra-
tions of axle bearings with and without the faults. Zhai et
al.10–12 studied the lateral and vertical vibrations from a train-
track-bridge system. Zhu et al.13 studied the low-frequency
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vibrations from a metro train. Cantero and Karoumi14 ana-
lyzed the effects of the train speed, track irregularity cases,
and bridge characteristics on the vibrations from a train-track-
bridge system. Bokaeian et al.15 used a Euler-Bernoulli beam
model to study the torsional and bending vibrations of the HST
body. Although some works considered the train vibrations in-
cluding the axle bearings, they did not consider the local faults
in the AXBs. This paper will try to overcome this issue.

Many vibration sources can be from the bearings, which
include surface waviness,1, 16 off-sized rollers,17 and local
faults.18 Numerous studies have also been reported to for-
mulate the local faults in different bearings.19 For example,
Sassi et al.,20 Khanam et al.,21 Liu et al.,22, 23 Li et al.,24 Niu et
al.,25 Hou et al.,26, 27 Han et al.,28 and Kogan et al.29 used dif-
ferent analytical methods to study the vibrations of defective
bearings. Some works30–32 used the finite element methods to
study the vibrations of defective bearings. However, the above
studies only analyzed the vibrations of single or double gen-
eral bearing systems. However, the AXB system in the HST
is a more complex system than the single or double bearing
system. Although Liu et al.33 studied the vibrations of AXB
considering a local fault, they only considered a simplified sin-
gle AXB system. Their model cannot be an accurate model
to study the vibrations of the complete HST system with the
defective AXBs. This issue would be overcome in this work.

This work presented a multi-body dynamic model for a HST
system including the AXBs with a local fault. The previous
single AXB model cannot formulate the studied case. The
train model contains a train body, four wheelsets, two bogie
frames, and eight axle bearings. Each wheelset includes two
axle bearings. The impacts caused by the fault in the AXB is
defined as a time-dependent force model considering a half-
sine type. The road spectrum excitations from the roadbed and
rail are formulated by a track irregularities model based on the
Chinese high-speed low disturbance spectrum. The road spec-
trum displacement excitations are applied to formulate the ex-
citations produced by the rail and roadbed. The effects of the
train speeds and fault sizes on the HST dynamics are intro-
duced. The simulation results from the proposed and previous
works are contrasted to show the model validation. The re-
sults show that the faults in the AXB will greatly affect the
HST dynamics. It depicts that this study can afford a more rea-
sonable method for understanding the dynamics of HSTs con-
sidering the defective AXBs compared to the reported single
AXB model.

2. A TRAIN DYNAMIC MODEL
FORMULATION

A train dynamic model considering the axle bearings is
given in Fig. 1. The train model included a train body, four
wheelsets, two bogie frames, and eight axle bearings. Each
wheelset included two axle bearings. The above bodies were
considered as rigid components in the model. The bogie
frames and the wheelset were connected by the first suspen-
sions and axle boxes. The train body was carried by tow bogie
frames with the second suspensions at each end. The linear
springs with the relative equivalent stiffness and damping are
used to formulate the first and second suspensions, as well as
the axle bearings. Figure 1(b) shows the whole train dynamic
model simulated in the SIMPACK commercial software. Fig-
ure 1(c) gives the dynamic model of AXB system. Here, the
inner ring and outer ring are connected by the equivalent damp-
ing and stiffness elements.

Figure 1. A train dynamic model with the axle bearings. (a) Topological
profile of the train, (b) train dynamic model, and (c) dynamic model of the
axle bearing.

In Fig. 1, Mc = 33.766 ton, Mt = 2.4 ton, and Mw =
1.85 ton were the mass of the body, bogie frame, and wheelset,
respectively. Kr and Cr were the equivalent stiffness and
damping of the rail and roadbed, whose values were zero here.
K1 was the equivalent stiffness of the first suspension, whose
values were 0.980 MN/m, 0.980 MN/m, and 1.176 MN/m
along x, y, and z directions, respectively. C1 was the equiv-
alent damping of the first suspension, whose values were
9.800 KN·s/m along x, y, and z directions. K2 was the equiv-
alent stiffness of the second suspension, whose values were
0.167 MN/m, 0.167 MN/m, and 0.167 MN/m along x, y, and
z directions, respectively. C2 was the equivalent damping of
the second suspension, whose values were 39.2 KN·s/m along
x, y, and z directions. Kb and Cb were the equivalent contact
stiffness and damping of the axle bearing, respectively. The
damping of the axle bearing was 2000 N/m. The used train
parameters in the model is given in Table 1.

2.1. Track Irregularities Model

A typical Chinese high-speed low disturbance spectrum
model was used to formulate the track excitations according
to the analysis in Ref.,12 as shown in Fig. 2, whose expression
is:

S(Ω) =
A(Ω2 +BΩ + C)

(Ω4 +DΩ3 + FΩ +G)
; (1)
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Table 1. Parameters of the studied AXB.

Parameters Value
bearing pitch diameter Dpm, mm 180.500

roller diameter Bd, mm 23.00
number of rollers Z 21

contact angles for the inner race αi, degree 7.750
contact angles for the outer race αo, degree 10.000

contact angles for the rib αf , degree 10.000
radial cleaance, mm 0.065
roller length l, mm 45.000

(a)

(b)

Figure 2. (a) Random displacement excitation and (b) its PSD of the track
longitudinal irregularity.

where S was the power spectral density (PSD) value
(mm2·Hz); Ω was the spatial frequency, in which
Ω = 2πf/V , where f and V were the time frequency
and train speed; A,B,C,D,E, F, and G denoted the
characteristic parameters for PSD, whose values were
0.6650,−1.4357, 0.537, 0.8138, 1.9123,−0.1234, and
0.0063, respectively.

2.2. Impact Force Model
According to the results in Ref.,22 when the fault occurs

in the bearing components, the time-varying impact force be-
tween the mating components should be produced as shown in
Fig. 3. The total impact force can be written as22:

FT = FS + FD (2)

where Fs was the static force, which was given as:

FS =
5Fr

Z cosα

(
1 − 1 − cosψi

2ε

)10/9

; (3)

where Fr, Z, εψi, were α the radial load, number of the roller,
and load distribution parameter, ith roller angular position, and
contact angle of AXB. Moreover, FD was the dynamic force,
which was written as:

FD = FS

[
1 + λimp

10

28
gBd

(
ddef
Bd

)2
]

; (4)

where λimp was the impact factor, whose value is 0.96;22 ddef
was the fault width; Bd was the roller diameter; and g was the

Figure 3. Contact relation between the fault and roller.

gravitational acceleration. The static force was produced by
the applied radial load on the bearing. The dynamic force was
produced by the impacts between the roller and fault area.

2.3. Contact Stiffnes Formulation
According to Palmgren’s method, the contact stiffness be-

tween one roller and rings was33:

Kcs = 8.06 × 104l0.89[1 + c0.9i cos(αo − αi)]
−10/9; (5)

where ci was the given as:

ci =
sin(αo + αf )

sin(αi + αf )
. (6)

According to the parameters in Table 1, the contact stiffness
is 1.043 × 109 N/m.

3. RESULTS AND DISCUSSION

This section will discuss the effects of the fault location and
sizes on the vibrations of HST.

3.1. Model Validation
Figure 4 introduces the acceleration spectra of defective

AXB considering the outer ring, inner ring, and roller fault
cases, respectively. Here, the HST speed is 350 km/h; and the
fault width is 5 mm. In Fig. 4(a), the peak frequencies located
at the nfo (fo = 307.60 Hz ≈ 308.18 Hz, and n = 1, 2, and
3, . . . ). In Fig. 4(b), the peak frequencies located at the nfi
(fi = 398.10 Hz ≈ 398.16 Hz); moreover, the modulation fre-
quency is 33.7 Hz = fs = 33.64 Hz, where fs is the shaft fre-
quency. In Fig. 4(c), the peak frequencies located at the 2nfb
(2fb = 259.00 Hz, and fb = 129.55 Hz ≈ 129.50 Hz); more-
over, the modulation frequency is 14.00 Hz ≈ fc = 14.68 Hz,
where fc is the cage frequency. The calculation methods of the
above frequencies have been listed in Appendix A. Compar-
isons of the characteristic frequencies between the theoretical
method in Ref.12 and proposed model are listed in Table 3.
The results depict that their differences are 0.20%, 0.02%, and
0.04% for the three fault cases, respectively, which can afford
some model validation.

3.2. Effects Of Outer Ring Fault Width and
HST Speed on Dynamics

The effect of the outer ring fault (W = 5 mm) on the bogie
frame acceleration and contact force in the AXB of the healthy
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Table 2. Comparisons between the theoretical and simulation results.

Case Parameter Theoretical result (Hz) Simulation result (Hz) Difference (%)
1 roller passing frequency for outer ring, fo 308.18 307.60 0.20
2 roller passing frequency for inner ring, fi 398.16 398.10 0.02
3 roller spinning frequency, fb 129.50 129.55 0.04

(a) (b)

(c)

Figure 4. Acceleration spectra of AXB with (a) the outer ring, (b) inner ring, and (c) roller fault cases.

Figure 5. Effect of the outer ring fault on the bogie frame acceleration when
the HST speed is (a) 100 km/h, (b) 200 km/h, and (c) 300 km/h, respectively.

and unhealthy HST systems is shown in Figs. 5 and 6, respec-
tively. It seems that the outer ring fault has small effect on the
waveform and amplitude of the bogie frame acceleration and
contact force in the AXB. Some additional impulse produced
by the outer ring fault can be observed in the bogie frame ac-
celeration and contact force in the AXB. The amplitudes of the
bogie frame acceleration and contact force in the AXB of the
unhealthy HST system are larger than those of the healthy HST
system.

The effect of the outer ring fault on the maximum and RMS
values of the wheelset acceleration is shown in Fig. 7. The

Figure 6. Effect of the outer ring fault on the contact force in the defective
AXB when its width is (a) 1 mm, (b) 2 mm, and (c) 3 mm, respectively.

vibration of the wheelset increases with the increment of the
outer ring fault for different HST systems. The wheelset vibra-
tion increases with the increment of HST speed too. As given
in Fig. 7, when the HST speed is less than or equal to 200 km/h,
the effect of the outer ring fault on the wheelset vibration is
great for different train speed cases; however, when the HST
speed is more than 200 km/h, the effect of the outer ring fault
is small for different train speed cases. It seems that the effect
of the outer ring fault on the wheelset vibration is larger than
the vibration caused by the track excitations for when the train
speed is less than or equal to 200 km/h. However, the effect of
the outer ring fault on the wheelset vibration is less than the vi-
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(a)

(b)

Figure 7. Effect of the outer ring fault on the (a) maximum and (b) RMS
values of the wheelset acceleration.

(a)

(b)

Figure 8. Effect of the inner ring fault on the (a) maximum and (b) RMS
values of the wheelset acceleration.

bration caused by the track excitations for when the HST speed
is larger 200 km/h.

3.3. Effects of Inner Ring Fault Width and
HST Speed on The Dynamics

The effect of the inner ring fault on the maximum and RMS
values of the wheelset acceleration is shown in Fig. 8. The
wheelset vibration increases with the increment of the inner
ring fault for different HST systems. The wheelset vibration
increases with the increment of the HST speed too. As given in
Fig. 8, when the train speed is less than or equal to 150 km/h,
the effect of the inner ring fault on the wheelset vibration is
great for different train speed cases; however, when the train
speed is more than 150 km/h, the effect of the inner ring fault
is small for different HST speed cases. It seems that the effect
of the inner ring fault on the wheelset vibration is larger than
the vibration caused by the track excitations when the HST
speed is less than or equal to 150 km/h. However, the effect
of the inner ring fault on the wheelset vibration is less than
the vibration caused by the track excitations for when the HST
speed is larger 150 km/h.

(a)

(b)

Figure 9. Effect of the roller fault on the (a) maximum and (b) RMS values
of the wheelset acceleration.

Figure 10. Effect of the fault location on the maximum value of the wheelset
acceleration. (OD, ID, and RD denote the outer ring, inner ring, and roller
fault cases, respectively.)

3.4. Effects of Roller Fault Width and HST
Speed on The Dynamics

The effect of the roller fault on the maximum and RMS
values of the wheelset acceleration is shown in Fig. 9. The
wheelset vibration increases with the increment of the roller
fault for different HST systems. The wheelset vibration also
increases with the increment of the HST speed. As given in
Fig. 9, when the HST speed is less than or equal to150 km/h,
the effect of the roller fault on the wheelset vibration is greater
for different HST speed cases; however, when the HST speed
is more than 150 km/h, the effect of the roller fault is smaller
for different HST speed cases. It seems that the effect of the
roller fault on the wheelset vibration is larger than the vibration
caused by the track excitations when the HST speed is less than
or equal to 150 km/h. However, the effect of the roller fault on
the wheelset vibration is less than the vibration caused by the
track excitations for when the HST speed is larger 150 km/h.

3.5. Effect of The Fault Location on The
Accelerations

Figure 10 plots the effect of the fault location on the max-
imum value of wheelset acceleration. The HST speed is 100
km/h. The fault widths are 1 mm to 5 mm, respectively. In
Fig. 10, the effect of the outer ring fault on the wheelset vibra-
tion is larger than those of the inner ring and roller fault cases;
the effect of the inner ring fault on the wheelset vibration is
larger than that of the roller fault. Moreover, it seems that the
wheelset vibration increases with the increment of the outer
ring, inner ring, and roller ring fault cases.
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4. CONCLUSIONS

This study presents a dynamic model of a HST consider-
ing a local fault in one AXB. The previous single AXB model
cannot formulate the studied case. The impacts caused by the
fault in the AXB is defined as a time-dependent force model
considering a half-sine type. The road spectrum excitations
from the roadbed and rail are formulated by a track irregulari-
ties model. The effects of the train speeds and fault sizes on the
HST dynamics are introduced. The simulation results from the
proposed and previous works are contrasted to show the model
validation. The results show that the faults in the AXB will
greatly affect the HST dynamics. The bearing fault has a small
effect on the waveform and amplitude of the bogie frame ac-
celeration and contact force in the AXB. Some additional im-
pulses produced by the outer ring fault can be observed in the
bogie frame acceleration and contact force in the AXB. The
amplitudes of the bogie frame acceleration and contact force
in the AXB of the unhealthy HST system are larger than those
of the healthy HST system. The wheelset vibration increases
with the increment of the roller fault for different HST sys-
tems. The wheelset vibration increases with the increment of
the HST speed too. When the HST speed is a smaller one, the
effect of the bearing fault on the wheelset vibration is greater
than that caused by the track excitations. When the HST speed
is a larger one, the effect of the bearing fault is smaller than
that caused by the track excitations. The effect of the outer
ring fault on the wheelset vibration is larger than those of the
inner ring and roller fault cases; the effect of the inner ring
fault on the wheelset vibration is larger than that of the roller
fault. It depicts that this study can provide a more reasonable
method for understanding the dynamics of HST considering
the local faults in the AXBs compared to the reported single
AXB model.

According the current analysis, a reasonable equivalent stiff-
ness and damping of the first and second suspensions can re-
duce the influence of impact caused by the faults in the bear-
ings on the HST system. Since the authors’ test conditions
cannot support the relative experiment. Thus, the simulation
results from the proposed method are compared with those
from the method in Ref.34 The authors will do their best to
obtain some experimental data in their future works.
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APPENDIX A
According to the method in Ref.,1 the rotational frequency

of inner ring is:

fw =
Ns

60
; (A.1)

where Ns is the rotational speed of inner ring. The rotational
frequency of cage is:

fc =
fi
2

[
1 − Bd

Dpm
cosα

]
+
fo
2

[
1 +

Bd

Dpm
cosα

]
; (A.2)

where α is the equivalent contact angel, which is equal to αo.35

The roller passing frequency for inner ring is:

fi =
fw
2

[
1 +

Bd

Dpm
cosα

]
. (A.3)

The roller passing frequency for outer ring is:

fo =
fw
2

[
1 − Bd

Dpm
cosα

]
. (A.4)

The roller spinning frequency is:

fb =
fwDpm

2Bd

[
1 −

(
Bd

Dpm
cosα

)2
]
. (A.5)
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