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With the increasing speed of high-speed trains, the service conditions of axle-box bearing system worsen, and meanwhile, the
dynamic performance of the axle-box bearing directly affects the operational safety. However, the dynamic interactions of the
axle-box bearing in the traditional vehicle-track system are often ignored. In this paper, a vehicle-track coupling dynamic model
considering axle-box bearing has been built, and the effectiveness of the model is proved by field tests. Dynamic performance of
the axle-box bearing has been analyzed and discussed through numerical simulations under different working conditions.
Comparing the roller-raceway contact load characteristics under different working conditions, results show that the peak values of
roller-outer raceway contact load with wheel-polygonal excitation are basically the same with those without wheel-rail excitation.
However, most of the peak values of roller-outer raceway contact force under track irregularity and comprehensive excitation
conditions are far greater than those under wheel-polygonal excitation and no wheel-rail excitation conditions, which indicates

that the impact of track irregularity on the contact load is dominant.

1. Introduction

In recent years, the high-speed train in China has developed
rapidly owing to its multiple advantages, such as security,
comfort, high-speed, and eco-friendliness. With the in-
creasing speed of high-speed trains, the service conditions of
the axle-box bearing system worsen, leading to new chal-
lenges. The axle-box is a key component of high-speed
trains, which is supported by double row tapered roller
bearings. The double row tapered roller bearings have high
strength against axial and radial loads. The dynamic per-
formance of the axle-box bearing affects the operational
security of high-speed trains directly. Even worse, an un-
expected bearing failure may lead to train derailment,
resulting in enormous economic loss and operating
unsafety [1].

Some researchers have focused on the dynamic per-
formance of tapered roller bearing without considering the
coupling effects of the vehicle and the track. Palmgren [2],

Jones [3], and Harris [4] established a numerical model of
rolling bearing, to analyse the mechanical relationship be-
tween the roller and inner/outer raceway of the rolling
bearing. In order to understand the dynamic performance of
tapered roller bearings, various investigations have been
carried out that focused on determination of bearing
characteristics. Andréason [5] analyzed the load distribution
in a tapered roller bearing under the condition of radial and
axial loads. Andréason’s model was further improved by Liu
[6] for investigating the influence of misalignment angles on
the dynamic performance of a tapered roller bearing under
combined loads. Nevertheless, both Liu and Andréason
supposed that the displacements of tapered roller bearings
are known, rather than setting them as unknown variable
quantities. This factor obviously limits the applicability of
the model. Tong and Hong [7] investigated the character-
istics of the tapered roller bearing such as displacements,
contact forces between roller and inner/outer raceway and
flange, contact angle between roller and flange, load
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distribution along roller, and stiffness matrix, when the
tapered roller bearing sustained combined radial and mo-
ment loads. He set the displacements of tapered roller
bearings as unknown variables and determined them by
iteratively solving the roller and bearing equilibrium
equations. Recently, Houpert [8] improved the previous
study to deduct an analytical approach to determining loads
and moments of tapered roller bearings as a function of the
given displacement with neglecting the influence of cen-
trifugal and gyroscopic moment.

Previous investigations on the tapered roller bearings
have focused on vehicle-track system dynamics. With the
increasing speed of high-speed trains, the influence of
wheel-rail excitation on the axle-box bearing becomes
more and more complex, and meanwhile, the service
conditions of axle-box bearing system worsen. Garg and
Dukkipati [9] and Wickens [10] originated the classical
vehicle dynamics theory, which focused only on the dy-
namic performance of a vehicle system. Zhai et al. [11, 12]
developed a vehicle-track coupled dynamics model to in-
vestigate the dynamic performance of vehicle subsystems
and track subsystems, and the model was validated ex-
perimentally. The similar concept has been adopted in
many studies of railway dynamics [13-15]. Recently, Wang
et al. [16, 17] developed a new vehicle-track coupled dy-
namics model that considered the axle-box bearing and
studied the coupling effects on the vibration characteristics
of the tapered roller bearings. However, the friction be-
tween the internal components of bearing is ignored, and
all bearing rollers have the same angular motion. Zha et al.
[18, 19] established a double row tapered roller bearing
model with 6 degrees of freedom roller and 6 degrees of
freedom cage based on the vehicle-track coupling dynamics
model, investigated the vibration characteristics of axle-
box bearing, and studied the contact load characteristics of
roller raceway under track excitation. However, the wheel-
polygonal excitation and comprehensive wheel-rail exci-
tation are not considered, which cannot truly reflect the
interaction between roller and raceway of bearing when
vehicle is running.

Previous studies on vehicle systems have usually not
considered the effects of bearings, and the studies of
bearings have not considered the coupling effects between
the bearings and the connected components of the vehicle.
The main objective of this paper is to construct a vehicle-
track-bearing coupled dynamics model to investigate the
motion and interaction between the components of the
axle-box bearings. When the axle-box bearings sustain
external loads exerted by bogie and those generated within
wheel-rail contact, the forces of the roller-inner/outer
raceway will change complexly. Considering the motion
and interaction between the components of the axle-box
bearings, the loads of the roller-inner/outer raceway are
calculated. The statistical characteristics are used to an-
alyse the motion of internal components of the axle-box
bearing under track irregularity excitation, wheelset-
polygon excitation, and comprehensive excitation. The
research results have certain guiding significance for re-
vealing the motion law of components under track
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excitation and evaluating the bearing life of high-speed
train.

2. Dynamic Model and
Experimental Verification

2.1. Vehicle-Track Coupled Dynamic Model. The vehicle is
composed of a car body, two bogie frames, four wheelsets,
and eight axle-boxes. The car body is supported on two
bogies through the secondary suspension at either end, and
the bogie frames are joined to the wheelset through the
primary suspension system. The primary and secondary
suspensions are modeled as equivalent springs and viscous
dampers along three translational directions. The details of
the vehicle-track coupled dynamics model [20] are shown in
Figures 1 and 2.

Based on the constructed vehicle-track coupled dy-
namics model, the vehicle-track system is numerically
simulated. The main simulation parameters of the vehicle
subsystem are given in Table 1.

2.2. Experimental Verification. In order to verify the effec-
tiveness of the constructed vehicle-track model, the field
tests are carried out in the China’s high-speed railway
network. The installation position of the accelerometer on
the axle-box is shown in Figure 3. Limited by the test
conditions at that time, the tested bogie was equipped with
the 19th order polygonal wheel, and we measured the lateral
vibration acceleration of the axle-box near the polygonal
wheel at the speed of 245km/h. The speed and wheel-
polygon order of the built vehicle-track model are consistent
with those in the field tests.

Figure 4 shows the lateral acceleration of the axle-box in
time and frequency domain. It can be seen that the am-
plitude of the axle-box lateral vibration acceleration in
simulation and experiment is close in time domain, which is
within the allowable error range of engineering calculation.
The dominant frequency of 447.5 Hz is obviously seen in the
simulation and experiment frequency domain, which is
consistent with the fault frequency of the 19th order po-
lygonal wheel. The experiment not only verifies the cor-
rectness of the vehicle model but also proves the
effectiveness of the vehicle model under the wheel-polygonal
excitation. Therefore, the vehicle-track coupling dynamic
model built in this paper can well describe the physical
characteristics of the vehicle-track system.

2.3. Axle-Box Bearing Model. Axle-box bearing usually
consists of an inner raceway, an outer raceway, several
rollers, and a cage, and the motion and interaction between
the components of the axle-box bearing are complex [21].
In this paper, a model considering the contact between the
roller and the guiding flange of the inner raceway is de-
veloped, and the bearing force diagram is shown in
Figure 5.where Q, and Q; represent the contact force be-
tween the roller and outer/inner raceway, respectively. Qy
indicates the contact force between the outer end of the
roller and guiding flange of the inner raceway, and «,, a;,
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FIGURE 2: Lateral vehicle-track coupled dynamics model.

TABLE 1: Main parameters of vehicle model.

Specification Value Unit
Car body mass 33786 kg
Bogie frame mass 2056 kg
Wheelset mass 1627 kg
Mass moment of car body about x/y/z axes 109500/1655300/1562300 kg-m?
Mass moment of bogie frame about x/y/z axes 1390/2590/3800 kg-m®
Mass moment of wheelset about x/y/z axes 825/132/830 kg-m?

Wheel rolling circle diameter 0.92 m

Stiffness of primary suspension (longitudinal/lateral/vertical) 919800/919800/886500 N/m
Damping of primary suspension (vertical) 10000 N-m/s
Stiffness of secondary suspension (longitudinal/lateral/vertical) 12800/128000/225000 N/m
Damping of secondary suspension (lateral/vertical) 15000/10000 N-m/s

and a are the contact angle of the roller-outer raceway,  where m, is mass of the roller, D, is the pitch diameter of

roller-inner  raceway, and roller-guiding flange, = double-row tapered roller bearing, and w, is the orbital
respectively. angular velocity of the roller, and it can be formulated by
w; o+ a,
Q,sin &, — Q;sin a; — Q¢ sin ap = 0, w, = <DP — Dy cos ), (3)
: . . (1) 2D,
Q. sin &, — Q;sin «&; + Qp sin ap — F. = 0.

The centrifugal force of rollers can be determined by

1 2
FC = Em,Dpr, (2)

where w); is the rotating speed of inner raceway and Dy, is the
average diameter of the tapered roller.

When the tapered roller bearing is running, the rotation
frequency of the inner raceway can be expressed as
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FiGure 3: Installation of acceleration sensor at the test site.
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FIGURE 4: Validation of the vehicle-track model by comparison with experimental test: lateral acceleration of the axle-box in time domain

(a) and frequency domain (b).

fi=—— (4)

where v is the speed of the train (unit: m/s) and R is nominal
rolling radius of the wheel. The cage rotation frequency can
be given by the following formula:

fczﬁ(l—%cos ocl->. (5)

2 P

The empirical formula proposed by Palmgren [2] is
usually used to calculate the relationship between the elastic

convergence and the contact load in the contact of the ta-
pered roller bearing.

2
1-7

+ 6
nE; nE, ©

o=as1|

where E, is elastic modulus of roller, E, is elastic modulus of
the inner/outer raceway respectively, v, is Poisson’s ratio of
roller, and v, is Poisson’s ratio of the inner/outer raceway,
respectively. Q is the contact load, and [ is effective length of
the roller. And then, the total contact force Q,,;. between the
roller and outer raceway can be obtained by
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FIGURE 5: Schematic diagram of bearing force.

Qmje = Kmarlr(t)/g’
K,, = 6.24 x 10* x "*D;*” [1 +¢;” cos (o, — oci)],
(7)

2 8

where K,, is total contact stiffness coefficient between the
roller and inner/outer raceway and ¢; is an index, which can
be obtained by

_ sin(a, — o;)

(8)

o sin(oci + ocf)'

As presented in Figure 6, when the bearing has radial and
axial displacements, considering the initial clearance (C,) in
the radial direction, the total displacement of each roller
along the contact normal direction of the outer raceway can
be expressed as

O1jn = [6, cos ¢y — O.SCr(l - cos (plj)]cos a, +0,sin a,,

Oyjn = [é‘, Cos ¢, — O.SCr(l - cos (pzj)]cos a, — 0, sin a,,
(9)

where 0yj, and J,, are the total compression along the
normal direction of the outer raceway contact line and 6,
and §, are the radial and axial displacements of the inner
raceway relative to the outer raceway.

Based on the analysis above, the bearing mechanical
balance equation can be expressed as

2 8
F, _Z Z Qpje cOs &, cos ¢;; =0, F, —Z; ZSQmjesin a, = 0. (10)
i=1 j=

i=1 j=—8

Presuming that the vehicle is running at a constant speed
on a straight line under the condition of no wheel-rail exci-
tation and the bearing only bears the radial load generated by
the gravity of the vehicle body parts, regardless of the initial
radial clearance C,, the normal displacement between the roller
and the outer raceway at each position can be expressed as

1)

Presuming that the maximum contact load between No.
0 roller and the outer raceway is Quay the mathematical
relationship between the roller-outer raceway contact load in
the loaded zone and Q.. can be expressed as

Qpije = Quax €OS (piljp/g. (12)

mje = 0, COS @;; cos a,. (11)

According to the bearing mechanical balance equation
(10), the theoretical contact load distribution model under
the condition that the bearing only bears radial load and no
radial clearance is presented as follows:

2 8
F, — Qp.x COS @, Z Z cos ‘P,lj9/9 =0. (13)
i=1 j=—8

According to the equation above, when the relative
displacement of the axle-box and wheelset at the bearing seat

j=—

is known, the force acting on the inner raceway and outer
raceway can be calculated. The axle-box bearing parameters
of a high-speed train are shown in Table 2.

When the tapered roller bearing is running, the cir-
cumferential direction can be divided into two zones: the
loaded zone and the unloaded zone. The roller in the loaded
zone not only bears the centrifugal force and gravity along
the circumference but also bears all the load of the spindle.
The roller in the unloaded zone only bears centrifugal force
and gravity. The outer raceway is divided into zones as
shown in Figure 7, and the top of the raceway is defined as
zone zero. On the roller, numbers in the clockwise direction
are positive, and those in the counterclockwise direction are
negative.

3. Wheel-Rail Excitation Model

3.1. Wheel-Polygonal Model. According to whether there is a
dominant polygon of a certain order, the polygon wheel can
be divided into periodic irregularity and nonperiodic ir-
regularity. The polygonal wheel wear is full circle noncircular
wear, which is characterized by the periodic change of wheel
radius along the circumference of the wheel surface. To
research the influence of polygonal wheel wear upon the
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FIGURE 6: Double-row tapered roller bearing.

TABLE 2: Structure parameters of axle-box bearing.

Structure parameters Value
Diameter of outer raceway (mm) 240
Width of outer raceway (mm) 160
Diameter of inner raceway (mm) 130
Average diameter of roller (mm) 26.5
Number of rollers in each row 17
Contact angle of roller-outer raceway 11°40'
Contact angle of roller-inner raceway 10°

FIGURE 7: Outer raceway zone division.

axle-box bearings, the harmonic function is used to simulate
the change in this radius [22]:

{ Ar = A sin(NB + ),

r(f) =R - Ar, (14

where A is the magnitude of polygonal wear, N is the order of
the polygonal wheel, § is the angle of wheel rotation, f is the
phase angle, and Ar is the wheel diameter difference along its
circumference.

3.2. Track Irregularity Model. Through the calculation of the
vehicle-track coupling contact relationship from Figures 1
and 2, it can be obtained that the relative displacement of the
left and right wheel of the nth wheelset is

Shock and Vibration

821 = Zun () = (AZ oy = DZ o)
{ L ) ( Lwnt L O) (15)

8ZRn = an (t) - (AZant - AZanO)’

where Z,,(t) is the vertical displacement of the centroid of
the nth wheelset, AZ;,,,,; is the minimum vertical distances
from the wheel to the rail at the left side, AZg,,,; is the
minimum vertical distances from the wheel to the rail at the
right side, AZ;,,,0 is the left minimum vertical distances at
initial moment, and AZg,,, is the right minimum vertical
distances at initial moment.

According to the Hertz nonlinear contact theory, the
wheel-rail vertical force can be expressed as

3/2
P =[gozm] (16)

where G is a constant related to the Hertzian wheel-rail
contact and 8Z(t) is the elastic deformation of the wheel-rail
contact in the normal direction.

In the calculation, in both models, the train is running
along a straight line at the speed of 250 km/h. The measured
Beijing-Tianjin high-speed track spectrum is used as the
track random irregularity excitation [16], as illustrated in
Figure 8.

4. Load Characteristics of the Axle-Box
Bearing Raceway

4.1. Contact Load Characteristics of the Roller-Raceway
without Wheel-Rail Excitation. The simulation calculation
is carried out for the axle-box bearing under the con-
dition of no wheel-rail excitation, and the contact load
history between the rollers of row 1/row 2 and the outer
raceway at the same position is obtained, as shown in
Figure 9. The contact load distribution curve between the
rollers of row 1 and the inner/outer raceway is shown in
Figure 10.

Under the condition of no wheel-rail excitation, the
bearing runs smoothly, the roller-outer raceway contact load
on both sides is consistent basically, and the load changes
periodically with the vehicle running. The maximum roller-
outer raceway contact load is 7.26 kN, which appears on the
row 1 of the tapered roller bearing.

As can be seen from Figure 10, compared with the
theoretical load distribution, the actual contact load
enters the loaded zone ahead of time. In the unloaded
zone, there is no contact between the roller and the inner
raceway, but there is a small contact collision between the
roller and the outer raceway under the influence of
gravity and centrifugal force. In the loaded zone, the
contact load between the roller and the inner/outer
raceway is basically equal due to the small centrifugal
force of the roller.

The contact load spectrum calculated by the fast Fourier
transform is shown in Figure 11. The amplitude of 1~4 times
cage rotation frequency is the largest, which is dominant in
the frequency spectrum and reflects the variation law of the
loaded zone and unloaded zone.
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FiGure 9: Contact load history of the roller and outer raceway.

4.2. Contact Load Characteristics of the Roller Raceway with
Wheel-Polygonal Excitation. In order to investigate the ef-
fect of components of an axle-box bearing model on the
vehicle system dynamics when the model is excited by
wheel-polygonal wear, simulations have been performed at a
running speed of 250 km/h. Once again, the predominant
20th order wheel-polygonal wear pattern is applied, with an
amplitude of 0.01 mm and no phase difference between the
two wheels of a wheelset. The contact load history between
the rollers of row 1/row 2 and the outer raceway at the same
position is obtained, as shown in Figure 12.

The maximum roller-outer raceway contact load is
7.62kN, which appears on row 2 of the tapered roller
bearing. Moreover, it is not much different from the
maximum contact load without wheel-rail excitation.
Therefore, the two rows of double row tapered roller
bearings are loaded alternately in the actual operating
conditions.

Figure 13 shows the frequency spectrum of the wheel-
polygonal excitation load duration. There is little difference
in the amplitude of contact load spectrum between no
wheel-rail excitation and wheel-polygon excitation, but the
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difference, the main frequency of 480 Hz, and its sideband
with cage rotation frequency f. can be clearly observed in the
contact load spectrum under wheel-polygonal excitation,
and this is consistent with the fault characteristic frequency
fwa of 20 order wheel polygon at 250 km/h.

The fault characteristic frequency of N-order polygon of
wheelset can be expressed as

vN
fwd

- (17)

4.3. Contact Load Characteristics of the Roller Raceway with
Track Irregularity Excitation. In order to investigate the
effect of components of an axle-box bearing model on the
vehicle system dynamics when the model is excited by track
irregularity excitation, the track irregularity excitation of the
Beijing-Tianjin high-speed rail line is added to the simu-
lation calculation. The contact load history between the
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rollers of row 1/row 2 and the outer raceway at the same
position is obtained, as shown in Figure 14.

The two rows of double row tapered roller bearings are
loaded alternately, which is due to the axial movement
between the inner and outer raceway. The maximum contact
load between roller and raceway caused by track irregularity
excitation is 8.76 kN, which is increased by 20.67% com-
pared with the contact load without wheel rail excitation.

Figure 15 shows the contact load spectrum under the
excitation condition of track irregularity. The frequency
component amplitude of the frequency band below about
800Hz in the spectrum of load history increases signifi-
cantly, which indicates that the track irregularity excitation
mainly leads to the increase of medium and low frequency
contact collision between rollers and raceway.

Moment A and moment B in Figure 14 calculate the
instantaneous contact load between the roller and the outer
raceway under track irregularity excitation, as shown in
Figures 16 and 17.

At moment A, due to the influence of the centrifugal
force, half of the rollers of the axle-box bearing are loaded
during the operation, and the other half of the rollers are
basically not loaded. The maximum contact force is 7.58 kN,
which appears at the No. 0 roller of the row 2. At moment B,
the rollers originally in the loaded zone enter the unloaded
zone, and the rollers in the unloaded zone enter the loaded
zone. The maximum contact force is 6.38 kN, which appears
at the No. 8 roller of row 2.

4.4. Contact Load Characteristics of the Roller Raceway with
Comprehensive Excitation. In order to investigate the effect
of components of an axle-box bearing model on the vehicle
system dynamics when the model is excited by both wheel-
polygonal excitation and track irregularity excitation, the
roller-outer raceway contact load time history under dif-
ferent working conditions is shown in Figure 18.

It can be seen that the peak values of roller-outer raceway
contact force under track irregularity and comprehensive
excitation conditions are far greater than those in another
two working conditions. Compared with track irregularity
excitation, the peak value of roller-outer raceway contact
force under comprehensive excitation is increased by ap-
proximately 9.77%. Compared with wheel-polygonal exci-
tation, the peak value of roller-outer raceway contact force
under comprehensive excitation is increased by approxi-
mately 31.25%. Compared with no wheel-rail excitation, the
peak value of roller-outer raceway contact force under
comprehensive excitation is increased by approximately
38.59%. Hence, the roller’s contact force is directly affected
by track irregularity excitation.

Figure 19 shows the contact load spectrum under dif-
ferent working conditions. Except for the frequency band
near the 20th order wheel-polygon fault frequency, the
amplitude of the frequency spectrum has little difference
between each frequency band under the conditions of
comprehensive excitation and track irregularity excitation.
Because the comprehensive excitation includes the wheel-
polygon excitation, the sidebands formed by wheel-polygon
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fault frequency and cage rotation frequency can be obviously
observed in the contact load spectrum under the conditions
of comprehensive excitation and wheel-polygon excitation.

Under the wheel-rail excitation condition, the contact
load of a single roller cannot reflect the contact load
characteristics of all rollers. But we can use the statistical
method to study the contact load characteristics of the roller
through each numbered position of the outer raceway.

Figure 20 presents the max values of the roller-outer raceway
contact force, which are obtained under four working
conditions at a speed of 250 km/h.

As can be seen from Figure 20, most of the roller-outer
raceway contact load peaks under track irregularity and
comprehensive excitation are greater than those under the
other two conditions, indicating that the impact of track
irregularity on contact load is dominant.
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FIGURE 20: Maximum amplitude of roller-outer raceway contact force.

5. Conclusions

To investigate the effects of wheel-rail contact relationship on
the dynamic performance of bearing, a vehicle-track coupling
dynamic model considering axle-box bearing is built, and the
contact relationship between roller and raceway is described
in detail. Moreover, field tests are employed to validate the
constructed model and good agreement has been demon-
strated. Based on the model, the dynamic performance of the
axle-box bearing under different working conditions is dis-
cussed in this paper. Some conclusions can be drawn:

(1) The two rows of double row tapered roller bearings are
loaded alternately in the actual operating conditions.

(2) The track irregularity excitation mainly leads to the
increase of medium and low frequency contact
collision between rollers and raceway.

(3) Compared with no wheel-rail excitation, the peak
value of roller-outer raceway contact force under
comprehensive excitation is increased by approxi-
mately 38.59%.

(4) Most of the peak values of roller-outer raceway
contact force under track irregularity and compre-
hensive excitation conditions are far greater than
those under wheel-polygonal excitation and no
wheel-rail excitation, which indicates that the impact
of track irregularity on the contact load is dominant
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