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Abstract
1

A three-dimensional, vehicle–track coupled dynamics model has been developed that accurately
reflects the dynamic performance of a high speed train during operation. The model includes novel
elements that allow detailed consideration of the transmission system and axle box bearings. Within
these novel elements a number of nonlinear factors have been modelled, including gear time-varying
mesh stiffness, bearing stiffness, bearing clearance, and wheel–rail contact. The model has
facilitated a detailed analysis of the vibration and temperature environment of the critical axle box
bearing of high speed trains.
The proposed model was extensively validated by comparing the results of the simulation with those
of experimental tests. The temperature characteristics of the axle box bearing of the motor car and
the trailer were analyzed and the resultant mathematical model was subsequently validated through
long-term experimental field tests. Additionally, the relationship between vibration and temperature
was analyzed during operation. The results indicated that the loads acting on the axle box bearing
closest to the gearbox of the motor car (bearing 1) are significantly higher than those distant to the
gearbox (bearing 2), the cause being differences in structural stiffness, which also lead to higher
local temperatures. Moreover, the roller–outer raceway contact force and temperature of Bearing 1
was also higher than that of bearing 2.
Conversely, when considering the trailer car, the dynamic performance and hence vibration and
temperature environment of bearing 1 and bearing 2 were almost identical, this being a result of
similarities in their structure and mounting arrangement.
In summary, the work demonstrates that the temperature and vibration characteristics of the axle
box bearings and their assessment can be used to aid in the effective design and maintenance of
high-speed trains, together with the development of remote condition based monitoring (RCM)
systems.
Key words: High-speed train, vehicle–track coupled dynamics, axle box bearing, temperature,
vibration

1. Introduction
The tapered roller bearing is a key component of high-speed trains and has a noticeable feature of
high load capacity against axial and radial loads. However, the double-row tapered roller bearing
(TRB) of the axle box is also one of the most vulnerable parts due to the load from the wheel–rail
and bogie. Moreover, its dynamic performance directly affects the operational safety of high-speed
trains and can even cause train derailment and serious accidents. The temperature and vibration of
the axle box bearing can reflect its service state. As the temperature of the axle box bearing increases
due to frictional heat at high rotational speed, its dynamic performance is likely to be affected [1]
and vice versa [2]. Hence, increased temperature and vibration of the bearing are the critical
parameters in axle boxes. Therefore, research into the dynamic and temperature characteristics of

axle box bearings in high-speed trains is crucial in their design and optimum performance. In
addition, the dynamic performance and temperature characteristics of the axle box bearing are useful
for monitoring condition.
Previous investigations on bearing frictional torque and heat transfer characteristics mainly
consisted of two basic methods, namely the global and local approaches. Thermal network and the
finite-element method are the main methods in the analysis of bearing heat transfer. The thermal
network is relatively easy and convenient compared to the finite-element method, as the actual
structure is neglected. Finite-element methods are widely used in the study of temperature [3].
Based on classical theory, Kletzli [4] investigated the thermally induced failure of TRB in freight
trains. Andoni [5] proposed a finite thermal model that was validated experimentally. The model
can be used to obtain the temperature distribution, which is useful for identifying the ideal locations
to place sensors for condition monitoring. Tarawneh [2, 6] developed a finite model for TRBs and
conducted a series of experiments to analyze the heat transfer paths inside the TRB. It made a great
progress in the understanding of overheating in bearings in the railway industry. The investigation
indicated that internal heat generation and the increase in the local temperature of TRBs have a great
influence on the bearing life and safety of operation in locomotives. Based on previous studies, Yan
[1] developed the finite-element model for a real structure of double TRBs and conducted full-size
rig tests to study the thermal characteristics. The investigations showed that the axial and radial
loads directly affected the temperature of the whole TRB. Constant loads were adopted in the
previous studies; however, the loads change dynamically during operation due to excitations from
wheel–rail and bogie.
Fortunately, the dynamic performance of the TRB has been investigated widely in previous studies.
Palmgren [7], Jones [8], and Harris [9] developed fundamental theories for the roller bearings. Based
on a previous investigation, various studies have been conducted to understand the dynamic
performance of TRBs, such as Andréason [10], Liu [11], and Houpert [12]. These studies mainly
focus on load distributions, the effects of abnormal conditions, and the contact status of the TRBs.
However, the coupling effects between the TRBs and the wheel set and bogie are not considered in
the calculation. In addition, excitations in a vehicle system due to track irregularities are ignored.
To study the wheel–rail excitations, many studies focused on the vehicle system dynamics, which
examined the whole dynamics characteristics. Garg and Dukkipati [13] and Wickens [14] developed
the classical vehicle dynamics theory, which focused only on the dynamic performance of the
vehicle system. At increased running speed, Zhai et al. [15-17] thought that the influence of track
structure should not be neglected and it was also validated experimentally. The similar concept has
been adopted in many studies of railway dynamics[18-20]. Besides, the poor wheel conditions
contribute to the enhancement of wheel-rail interactions and cause the vehicle-track components
fatigue failure [21, 22]. Although many researchers focused on understanding railway vehicles and
the dynamics performance of TRBs, the coupling effects between them are yet to be considered.
Recently, Wang et al. [23] developed a new vehicle–track coupled dynamics model that considered
the axle box bearing and studied the coupling effects on the vibration characteristics of the TRBs.
The lifetime of the bearing is strongly influenced by the dynamic load environment [ 24,25],
especially under intense wheel–rail excitation [26]. Therefore, the coupling effects between the axle
box bearing and the vehicle–track systems should be considered when assessing its dynamics and
temperature characteristics. In addition, the relationships between each aspect under investigation
also need to be understood in order to better guide the condition monitoring, design and optimize.
The main objective of this paper is to use the newly developed three-dimensional vehicle–track
coupled dynamics model [23], to investigate the vibration characteristics of the axle box bearing in

a high-speed train. Dynamic experimental tests are carried out to validate the model by comparing
the results from experimental tests and simulations. Based on the vibration results obtained by
simulation, the temperature characteristics of the axle box bearing are analyzed theoretically.
Moreover, the relationship between the vibration and temperature of the axle box bearing during
operation is analyzed. Finally, long-term field experimental tests were carried out to obtain the
temperature characteristics of the axle box bearing during operation and to validate the theoretical
results. Based on the dynamics model and the experimental results, the vibration and temperature
characteristics of the axle box bearing of a high-speed train are discussed in detail.

2. Vehicle–track coupled dynamics model
The three-dimensional vehicle–track coupled dynamics model that considers the details of the axle
box bearing and traction transmission system [23] is presented in this section. The new threedimensional vehicle–track coupled dynamics model is shown in Figure 1 and Figure 2. The traction
transmission subsystem and the axle box subsystem are considered based on the classical vehicle–
track model [17].
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Figure 1. Motor car–track coupled dynamics model (a)elevation view and (b) planform.
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Figure 2. Motor car–track coupled dynamics model: (a) side view and (b) axle box bearing (c)
traction transmission system and (d) gear box.

The dynamics model comprises four parts: the classical vehicle submodel, the classical track
submodel, the new traction transmission system, and the axle box bearing submodel. The motor car
model consists of a car body, two bogie frames, four traction transmission systems, four wheelsets,
and eight axle boxes. All of the components are considered as rigid bodies. The car body is
supported by two bogies via secondary suspensions at each end, and the bogie frames are connected
to the wheelset via primary suspensions and axle boxes, as shown in Figure 1. The primary and
secondary suspensions are modeled as parallel combinations of the equivalent linear springs and
viscous dampers along the three translational directions. Yaw dampers and anti-roll springs were
also included in the secondary suspension.
As seen in Figure 1 and Figure 2, the transmission system consisted of a traction motor, pinion, gear
wheel, and gearbox housing. One end of the gearbox is connected to the bogie frame by an elastic
support, and the other end to the wheelset axle; the pinion is located on the drive end of the gearbox,
and the gearwheel is fixed to the wheelset axle, as shown in Figure 2 (c) and (d). During operation,
the traction torque is transmitted to the pinion via an elastic coupling and then transmitted to the
drive gear by meshing force to drive the vehicle. The axle box bearing used in high-speed trains
employs a double row TRBs, which are subjected to wheel–rail excitation and also vehicle load.
Details of the axle-bearing model are shown in Figure 2 (a) and (b), where the inner ring is fixed on
the wheelset, and the outer ring is fixed on the axle box. In addition, the bearing clearance as well
as the contact force between each roller and raceway is considered in detail.
The slab track submodel comprising rails and slab, as shown in Figure 1 (a) and Figure 2 (a). Both
the left and the right rails are treated as Euler–Bernoulli beams with motions in the vertical, lateral,
and torsional directions and are supported by slabs. The established three-dimensional slabs are
described as elastic rectangular plates supported on a viscoelastic foundation.

This model actually couples the torsional vibration of traction transmission systems with the
traditional vehicle–track coupled dynamics model. The comprehensive vehicle dynamics model
enables more realistic dynamic simulations under many conditions, such as the coupling effects
between components during operation, traction, and braking. The motor car of high-speed train
comprises 27 rigid bodies, and a maximum of five degrees of freedom (DOFs) are considered for
each rigid body. As a result, there are 75 DOFs of the motor car submodel in total. The motion of
each component and its corresponding nomenclature is shown in Table 1. More detailed information
on the dynamics modeling, the gear mesh stiffness calculation, and the axle box submodel can be
found in a previous report [23], and so these aspects are neglected here.

Vehicle component
Car body
bogie frame (i = 1,
2)
motor (i = 1−4)
gear box (i = 1−4)
pinion (i = 1−4)
axle box
(i = 1−8)
wheelset (i = 1−4)

Table 1 DOFs of high-speed vehicle dynamics model.
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3. Wheel-rail interaction
Wheel-rail interaction is the essential element coupling the vehicle subsystem and the track
subsystem. The dynamic forces between wheel-rail interface are complex, which comprises the
normal contact forces and the tangential creep forces. The nonlinear Hertzian elastic contact theory
is applied to calculate the normal wheel-rail forces, which is described in [15-17]:
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(1)

where P  t  is the normal wheel-rail force, G is the constant of Hertzian wheel-rail contact,
 Z  t  is the wheel-rail normal elastic compression deformation at the contact point in the normal

direction, which is given:
 Z  t   Z w  t   Z r  xw , t   Z 0  t 

(2)

where Z w  t  is the vertical displacement of wheelset, Z r  xw , t  is the vertical displacement of rail
corresponding to the wheelset and Z 0  t  is the displacement of vertical track irregularities.
As for the wheel-rail creep forces, based on the Kalker’s linear creep theory, the wheel-rail
longitudinal creep force Fx , the lateral creep force Fy , and the spin creep torque M z can be
described in [27]:
 Fx   f11 x

 Fy   f 22 y  f 23 sp

 M z  f 23 y  f 33 sp

(3)

where the f ij is the creep coefficients and the  x ,  y and  sp are the longitudinal, lateral and
spin creepage, respectively. Besides, the Shen-Hedrick-Elkins model [ 28 ] is used to make

modification due to the Kalker’s linear creep theory is limited in small creepages.

4. Long-term experimental field tests for the axle box bearing of highspeed trains
To validate the proposed dynamics model, experimental field tests were carried out on a high-speed
railway line in China. The vibration data of the bogie frame and the axle box were obtained, and the
vibration testing photograph and monitoring positions for the acquisition of the vibration data are
shown in Figure 3. As shown in Figure 3(c) and (d), two accelerometers were mounted on the highspeed train motor car, one on the axle box and one on the bogie frame. The acceleration data were
collected in the vertical direction at the sampling frequency of 1000 and 5000 Hz for bogie frame
and gearbox, respectively.
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Figure 3. Field experimental tests: (a) A typical high-speed train; (b) three-dimensional model of a
motor bogie; (c) location of acceleration and temperature sensors on the motor axle box bearing;
and (d) location of the acceleration sensor on the bogie frame.
Moreover, the temperature data of the axle box bearings were acquired using a wireless transmission
device system (WTDS), which is an online data-acquisition system of high-speed trains. The
experimental tests require the sensors and the systems to work over a long period of time. Therefore
reliability and anti-jamming are important concerns to obtain accurate temperature signals. The
monitoring positions of the axle box bearing are shown in Figure 3. All of the axle box bearings of the
motor cars and trailer cars were monitored by temperature sensors located at the same position; total 128
temperature sensors are used for one train: 64 sensors for motor car and 64 sensors for trailer. Figure 3(b)
shows the three-dimensional model of a motor bogie. Four sensors were mounted on top of the axle box
bearings and were utilized to collect the temperature signals of each motor axle box bearing in one motor

bogie, as shown in Figure 3(c). As shown in Figure 3(b), the axle box bearing near the gearbox is labeled
as axle box bearing 1, and the one on the other side of the same wheelset is axle box bearing 2. In the
trailer car, the left axle box bearing is called bearing 1, and the other is called bearing 2. It should be
noted that these definitions of the axle box positions are used in the following discussion.

When a train operates online, WTDS collects the temperature signals from all of the axle box
bearings every minute. Therefore, on a train with eight motor cars and eight trailer cars, 64
temperature values from all the motor and trailer axle box bearings are obtained every minute. For
statistical significance, the temperature data from five typical high-speed trains equipped with axle
box bearing sensors were acquired between August 11, 2016 and November 19, 2016.

5. Analysis of the vibration characteristics for the axle box bearing
Based on the established vehicle–track coupled dynamics model, the dynamic responses of the
whole system including the vehicle, the axle box, the axle box bearing, and the track subsystems
were obtained. The main parameters of the vehicle subsystems and the slab track used for the
simulation were adopted from a previous study [23]. The parameters of axle box bearing are
employed in the simulation as shown in Table 2. The numerical simulation results were compared
with the field experimental test results, and the vibration characteristics of the axle box bearings
were analyzed in this chapter.
Table 2 Structure parameters of axle box bearing of a high-speed train

Structure parameters
The average diameter of roller ( Db /mm)
The contact angle of roller-inner raceway ( i /degree)
The contact angle of roller-inner raceway (  e /degree)
The effective length of roller ( le /mm)
The pitch diameter of the bearing ( d m /mm)
Number of rollers in each row (Z)

value
23
7.75
10
45
180.5
21

5.1 Validation of the Dynamics model
The simulations were performed using the proposed vehicle–track coupled dynamics model. In
parallel, the corresponding vibration data was obtained from field experimental tests. The random
track irregularity of a high-speed railway line comprising lateral and vertical irregularities is adopted
in the numerical simulation, as shown in Figure 4. Comparing to the classical vehicle-track coupled
dynamics model, the proposed model enables the simulation of the power transmission path from
motor rotor to wheelset. During operation, the traction characteristics and the resistance
characteristics of a typical high-speed train running on the Beijing-Shanghai high-speed
railway line are obtained according to literature [29], as shown in Figure 5. The traction
characteristics represent the maximum available force, which is an average characteristic of
the same type high-speed trains from several high-speed lines. When the vehicle is running at
constant speed, the equivalent traction torque of the motor is applied based on the resistance
characteristics to maintain equilibrium. Hence, the traction torque acting on the motor rotor
counteracts forces such as friction forces from wheel-rail interface, aerodynamic forces, and
the dynamic forces from trailer car.

Lateral

Vertical

Figure 4 The random track irregularities of a high-speed railway line.

The truncated time histories of the vibration acceleration of the bogie frame and the axle box at a
speed of 300 km/h are shown in Figure 6 (a) and (b), respectively. As shown in Figure 6 (a), the
simulated results for the bogie frame agree well with the experimental results in terms of both
variation tendency and amplitude, and the maximum vibration acceleration amplitude was less than
10 m/s2. In Figure 6 (b), the vibration levels of the axle box are higher than those of the bogie frame,
and the maximum vibration acceleration amplitudes are close to 100 m/s2. The calculated and
experimental results show that the vibration from the axle box to the bogie frame can be effectively
reduced by the primary suspension.
The root mean square (RMS) value is used to describe the fluctuation of the acceleration, and the RMS
of the bogie frame acceleration is 1.6 m / s 2 and 1.5 m / s 2 for field tests and simulations. The RMS of
the acceleration of axle box obtained by field tests and simulations is 8.8 m / s 2 and 7.6 m / s 2 ,
respectively. It indicates that the RMS value of the bogie frame obtained by simulation is less than that
of field tests with the error less than 7%, while the RMS value of the axle box for simulation is less than
that of field tests with the error of 15.6%. These discrepancies may be due to the omission of the friction
and flexible deformation of the components in the simulation. Although the absolute values from the
simulated vibration acceleration in the model are lower than the experimental results, the RMS of
vibration acceleration is basically consistent with each other.

Figure 5 Traction and resistance characteristics curve of the high-speed train.

(a)

(b)

Figure 6. Time history of the vertical vibration acceleration of (a) the bogie frame and (b) axle box.
(a)

(b)

Figure 7 The frequency responses of vertical vibration acceleration of (a) the bogie frame and (b)
axle box.
To further evaluate the proposed dynamics model, the vibration signals of the bogie frame and axle
box obtained by simulations and tests are also compared in frequency domain, which are shown in
Figure 7 (a) and (b), respectively. It can be seen form Figure 7 (a) that both the simulated and tested
results of the bogie frame revel the frequency components of 11 Hz, 30 Hz and 132.5 Hz. The
frequency 11 Hz corresponds to the bounce eigen mode of the bogie frame, 30 Hz corresponds to
the wheel rotate frequency, and 132.5 Hz corresponds to the sleeper excitation frequency. Excepts
for the wheelset rotation frequency and the sleeper excitation frequency for axle box, the 2448 Hz
corresponds to gear mesh frequency is also found in both of simulations and tests results, as shown
in Figure 7 (b). Hence, the simulated results are basically consistent with the tested results in
frequency domain. In general, the proposed vehicle–track coupled dynamics model is able to capture
most of the vibration features of the system, thus supporting its validation.

5.2 The vibration characteristics of the axle box bearing during operation
The main advantage of the dynamics model developed in this paper is its coupling with the traction
transmission system and the axle box bearing. The vehicle vibration operation environment of axle
box bearing is considered in the novel dynamics model. Thus, the vibration of track components
and vehicle components induced by track irregularities, gear mesh, and traction torque can be
performed using the proposed model. Hence, the dynamic loads acting on axle box bearing
comprise of the static loads from vehicle and the dynamic loads induced by the excitations of
traction torque, gear mesh and track irregularities. To understand the dynamic characteristics of
the axle box bearing in detail, the three-dimensional vehicle–track coupling dynamics model was
excited by: (a) only the traction transmission systems and (b) both the traction transmission systems
and any track irregularities. Once again, the train ran in a straight line at a speed of 300 km/h. The
results of the axle box bearing are shown in Figure 8 –Figure 10. Moreover, the dynamic response
of the trailer car without the traction transmission system was also calculated under the same
conditions and is shown in Figure 11 and Figure 12.
It should be noted that axle box bearing 1 is the one mounted on the axle near the end of the gearbox,
and the axle box bearing 2 is located on the other side, as previously shown in Figure 3. According
to previous research results [23], the resultant force of each axle box bearing is
Fres  Fa2  Fr2

(4)

where Fa and Fr are the axial and radial forces of the axle box bearing, respectively.
Furthermore, the axial and radial forces are given as
2

21

Fa   Qmej cos  0 cos mj

(5)

m 1 j 1

2

21

Fr   Qmej sin  0

(6)

m 1 j 1

where  0 is the contact angle between the roller and the outer ring and  mj is the azimuthal
location of jth roller in the mth column, Qmej is the contact force between the jth roller in the mth
column and raceway.
(a)

(b)

Figure 8. The results of the axle box bearing on a motor car: (a) the time history of the resultant
force and (b) the corresponding spectrum results.
The dynamic forces in time domain and frequency domain only induced by traction transmission
systems are shown in Figure 8. From Figure 8 (a), it can be seen that the dynamic resultant force

( Fres ) of axle box bearing 2 is lower than that of bearing 1. Furthermore, the RMS of the dynamic
force of axle box bearing 1 and bearing 2 are 65.5 and 61.7 kN, respectively. Figure 8(b) shows the
frequency results based on the dynamic forces of the above axle box bearings. The main frequency
components of the axle box bearing consist of the wheelset rotation frequency 29 Hz and the sleeper
excitation frequency 133 Hz. Moreover, there are two other main frequency components of bearing
1 including the meshing frequency of the gear pair, 2451 Hz and its double frequency, 4902 Hz.
Hence, it can be concluded that the difference in the dynamic forces between the two sets of axle
box bearings is caused by the coupling effects of the suspension components and in particular the
gear transmission system.
Figure 9 is the time history of the axle box bearing contact force ( Qe ) between the roller and the
outer raceway which is only excited by traction transmission systems. It indicates that the roller has
both contact and noncontact regions during one cycle. A similar phenomenon occurs when the
contact force of axle box bearing 1 is higher than that of bearing 2, which means that the internal
interaction of the axle box bearing 1 is more intense than that of bearing 2.

Figure 9. The time history of the roller–outer raceway contact force of the axle box bearing on the
motor car.
(a)

(b)

Figure 10. The results of the axle box bearing of the motor car: (a) the time history of the resultant
force and (b) the roller–outer raceway contact force.
In Figure 10 (a), it can be clearly seen that the resultant force of both of the axle box bearings
fluctuate violently in comparison to the results shown in Figure 8 (a), which was caused by the track
irregularities. Additionally, the contact force between the roller and outer raceway of axle box
bearing 1 is much higher than that with axle box bearing 2 under the excitation of track irregularities,

as seen in Figure 10 (b). Furthermore, the RMS of the dynamic forces of axle box bearings 1 and 2
are 66.5 and 62.9 kN, respectively. It can be concluded that the operational environment of axle box
bearing 1 is worse than that of bearing 2, when both have been induced by the excitation conditions
(a) and (b). During operation, the internal interactions of axle box bearing 1 of the motor car
are higher compared to those of bearing 2. The effects of wheel–rail excitation due to track
irregularities on the axle box bearings are not negligible [23], and the dynamic differences existing
between the two axle box bearings located at the two ends of the same axle are also critical to
achieve an accurate evaluation and condition monitoring of an axle box bearing in a high-speed
train.
(a)

(b)

Figure 11. The results of the axle box bearing on the trailer car: (a) the time history of the resultant
force without track irregularities and (b) with track irregularities.
(a)

(b)

Figure 12. The roller–outer raceway contact force of the axle box bearing on the trailer car: (a) the
time history of the resultant force without track irregularities and (b) with track irregularities.
Figure 11 shows the resultant force of the axle box bearing on the trailer car. From Figure 11 (a), it
can be seen that the dynamic force of axle box bearing 1 (left side) agrees well with bearing 2 (right
side), in terms of amplitude and variation tendency, which is due to the symmetrical machine
structure. Additionally, there were almost no differences in the dynamics force between the two axle

box bearings located on the same axle due to track irregularities. In addition, the amplitude of the
dynamic force of the two bearings was basically the same.
Figure 12 shows the time history of the contact force between the roller and outer raceway. The
dynamic contact force of the two axle box bearings is almost the same, no matter if they were excited
by track irregularities or not. Therefore, the two axle box bearings, located on the left and right sides
of the same axle, have almost the same dynamics performance during operation due to the structural
properties and machine characteristics of the trailer car.

6. Analysis of the temperature characteristics of the axle box bearing
The dynamic and thermal stability of the axle box bearing is a key issue in high-speed trains. As the
above studies on axle box bearing dynamics indicated, the interaction or the operation environment
between bearing 1 and bearing 2 is quite different of motor car. The effects of the dynamic difference
between the two axle box bearings from a thermal aspect and the temperature characteristics of the
bearings were investigated using the theoretical and experimental methods outlined below.

6.1 Theoretical analysis of the temperature characteristics of axle box
bearing
The overall temperature level of a TRB during operation depends on many variables, such as the
applied load, operating speed, operational environment, and so on. Owing to the structural
characteristics and mechanical principles, the operating conditions of the axle box bearings located
on the two ends of the same axle, such as operation speed, operation environment, lubricant type,
and rheological properties, can be considered to be consistent, whether they are located on the motor
car or the trailer car. Therefore, the difference between the two bearings of the same wheelset is in
the dynamic loads they experience during operation, and the effects of the applied load on the
temperature of the bearings were therefore analyzed.
Bearing friction represents energy loss and heat generation. Frictional torque is critical to the bearing
during operation as it directly affects the energy loss and the elevation in temperature. According to
the literature [1], the power loss of a bearing can be calculated by Eq. (7). The impact of the bearing
frictional torque is critical to the calculation of the bearing’s power loss.
P  M   M 

2 n
60

(7)

In a previous study [30], the frictional torque comprises two components, as noted in Eq. (8).
M  M 0  M1  M 2

(8)

where M0 is the frictional torque relative to the bearing type, rotation speed, and the lubrication
property; M1 is the frictional torque caused by the radial force and M2 is the frictional force due to
the axial force.
7
3

160  10 f 0 Dm
M 0   7
2/3
3

10 f 0  n  Dm

 n  2000,
 n  2000,

(9)

where Dm is the average diameter, f0 and f1 are constants relative to the lubrication conditions,

 is the kinematic viscosity and n is the rotation speed of the bearing.
M1  2 f1YFr Dm

(10)

where f1 is a constant depending on the type of condition, Y is a constant, and Fr is the radial
force.
M 2  f 2 Fa Dm

(11)

where f 2 is a constant and Fa is the axial force. The above proportionality equations establish
the power loss relationship depending on the load, speed, and lubrication conditions. Hence, by
combining Eqs. (7)–(11), it was found that
(12)
P  ( Fr , Fa )
It can be concluded that the loads on the bearing directly contribute to the increase in power loss.
The axle box bearings of the motor car or trailer car have almost the same conditions, such as
lubrication conditions, rotation speed, temperature, heat dissipation conditions, etc. Therefore, it can
be inferred that the higher load on an axle box bearing contributes to a higher power loss and a
higher temperature during the operation of a high-speed train. Furthermore, in the motor car, the
temperature of the axle box bearing located near the gear box is higher than that of the bearing
farther away due to the dynamic difference between the two bearings as noted in the above analysis.
However, for a trailer car, the temperature of the two axle box bearings mounted on the same axle
should be the same.

6.2 The temperature characteristics of an axle box bearing during operation
This chapter, provides a general description of temperature of axle box bearing. Because there was
a large volume of test data, Figure 13 shows only part of the axle box bearing temperature time
history for a motor car and trailer car, that is, for about 35 days. It can be seen that the bearing
temperature of both the motor car and the trailer car decreases with decreasing ambient temperature.
The temperature on the motor car is higher than that of the trailer car, which is due to structural
differences. The maximum amplitude of the bearing temperature for the motor car and the trailer
car were 82C and 69.8C, respectively.

(a)

(b)

Figure 13. The temperature time history of axle box bearing for the motor car (a) and the trailer
car (b).
Figure 14 is an enlarged view of a section taken from Figure 13 that shows the variation in the axle
box bearing temperature of the motor car and trailer car over one day. The black dotted line
represents the temperature of the bearing in the motor car, the green solid line represents the
temperature of the bearing in the trailer car, and the blue solid line represents the ambient
temperature (the temperature scale is shown on the left axis). The red dotted line represents the
running speed, which is shown on the right axis. The high-speed train in China may run at different

speeds at different times, but mainly runs at 300 and 200 km/h, as shown in Figure 14. The axle box
temperature rises with operation time and then stabilizes. Certainly, it can be seen that the axle box
bearing temperature of the motor car is basically higher than that of the trailer car. However, the
difference in vehicle and bearing states sometimes cause the axle box bearing temperature of trailer
car to be higher than that of motor car. When the running speed is 300 km/h, the axle box bearing
temperature of both the motor and trailer cars is relatively higher than the temperature when the
running speed is 200 km/h.

Figure 14. Partial enlargement of the temperature time history of axle box bearing for the motor
and trailer cars.

7. Discussions
To analyze the temperature rises of axle box bearing during operation, its distributions
between different bearings on the same vehicle and between different vehicles are investigated
further. Moreover, the temperature distribution of the bearings located on the same wheelset are
discussed in terms of the statistical indicators, which is also explained from the view of dynamics,
as started below.

7.1 The temperature between different bearings and different vehicles
The axle box bearing temperature is acquired when the train runs at its commercial operating speed
of 300 km/h. The mean value of the acquired temperature is used to assess the differences between
axle box bearing. Due to similarity in the temperatures across bearings of the same vehicle, only
one motor car and one trailer car bearing temperature data set is illustrated in Figure 15 and
Figure 16, respectively. Ws represents wheel set, and the number 1 to 4 is the subscript of the
wheelset, Ab represents the axle box bearing, and the number 1 and 2 is the subscript of the bearing
as mentioned above.
Figure 15 shows the mean value of the two axle box bearings located on the wheelset of the same
vehicle at different days. It can be seen that the temperature of axle box bearing 1 and 2 located on
different wheelset has the similar tendency with respected to the time. Besides, the mean value of
the temperature of axle box bearing 1 is basically higher than that of the axle box bearing 2. And
the mean value of bearing temperature fluctuates with different days, which is mainly caused by the
time difference of the vehicle running with it commercial operation speed.
Unlike the motor car, the temperature difference of two axle box bearings located on the same
wheelset is negligible, as shown in Figure 16. Moreover, fluctuation tendency of the different
bearings of the same vehicle is almost the same due to the similar operation environment.
However, there also exits some difference between the different bearings located on different

wheelset, which could be caused by many factors, such as the wheel conditions and the lubrication
conditions.

Figure 15 The average temperature of different axle box bearing of the motor car.

Figure 16 The average temperature of different axle box bearing of the trailer car.

To investigate the temperature distribution between different vehicles and to compare the difference
in the temperature of bearing 1 and bearing 2 of the same wheelset, the average values of the
bearings of five high-speed trains were recorded at a speed of 300 km/h, as shown in Figure 17.
Each car contains eight axle box bearings; four bearings mounted on the positions of bearing 1 and
bearing 2 each. The average temperature of bearing 1 or 2 for each car was calculated from the four
bearings at each position. Figure 17 (a) shows the results from the motor car, which concludes that
the temperature of bearing 1 is higher than that of bearing 2 due to differences in dynamic interaction.
For the trailer car, the temperature characteristics of axle box bearings 1 and 2 are basically the same,
due to the symmetrical structure. However, some difference of axle box bearings 1 and 2 for trailers
may also be caused by the vehicle states (wheel states and lubrication state). Therefore, the
temperature characteristics of the motor car and the trailer car are consistent with the previous
theoretical analysis.

It can be also seen from Figure 17 (a) and (b) that the temperature mean values of axle box bearing
are different between different vehicles. This phenomenon is mainly caused by the different vehicle
states, such as different suspensions parameters, wheel conditions and the lubrication conditions,
changed during its operation.

(a)

(b)

Figure 17. The average value of the axle box temperature of different cars at a speed of 300 km/h:
(a) motor cars and (b) trailers.

7.2 The analysis of temperature and dynamic forces between axle box 1 and
2.
According to the above analysis, it can be concluded that the temperature of axle box bearing 1 of
the motor car is much higher than that of axle box 2 due to higher loads. However, there is virtually
no difference in the temperature between axle box 1 and 2 of the trailer car, which is consistent with
the theoretical analysis. The high-speed train investigated in this study ran at speeds of 200 and
300 km/h. For a detailed analysis, the dynamic responses of the axle box bearings in the vehicle–
track coupling system were calculated at different speeds. The temperature characteristics were also
obtained at speeds of 200 and 300 km/h.
Figure 18 shows the roller–outer raceway contact force of the axle box bearing of the motor car and
trailer car at speeds of 200 and 300 km/h. It can be seen that the roller–outer raceway contact force
of bearing 1 of the motor car was higher than the one on bearing 2, by 13.5% and 10.5% for speeds
of 200 and 300 km/h, respectively. However, the contact force of bearings 1 and 2 of the trailer car
is almost the same at both speeds. The maximum contact forces of bearings 1 and 2 of the motor car
and the trailer car increase when the running speed changes from 200 to 300 km/h.
Figure 19 shows the statistical results of the bearing temperature at speeds of 200 and 300 km/h.
The triangles and circles are the temperature average values at each speed, respectively. Again the
temperature of bearing 1 is higher than that of bearing 2 for the motor car at both speeds.
Furthermore, the temperature difference is larger between the two bearings as the dynamic
interaction becomes more severe in the high speed range. The temperature characteristics of

bearings 1 and 2 of the trailer are almost the same, as shown in Figure 19(c) and (d).
(a)

Motor car 200km/h

(b)

Motor car 300km/h

(c)

Trailer car 200km/h

(d)

Trailer car 300km/h

Figure 18. The roller–outer raceway contact force of the axle box bearings at different speeds.
(a)

(c)

Motor car 200km/h

(b)

Motor car 300km/h

Trailer car 200km/h

(d)

Trailer car 300km/h

Figure 19. The results of the axle box bearing temperature at different speeds (—5%, 25%, 50%,
75%, 95% percentiles).

8. Conclusions
The established vehicle–track coupled dynamics model includes the dynamic effects from the
traction transmission system and the axle box bearing. Thus, the dynamic performance of the axle
box bearing can be simulated under the coupled system to represent the operating situation more
closely. The time-varying mesh stiffness, nonlinear wheel–rail interactions, bearing stiffness, and

clearances are considered in this model. The model was validated by comparing the results of
simulations and experimental tests. Furthermore, the temperature characteristics of the bearing were
theoretically analyzed based on the dynamic performance of the bearing, which is supported by
long-term field temperature tests.
The calculated results indicate that the dynamic forces that act on bearing 1 are higher than those
on bearing 2 owing to the structural differences of the motor car ， which is reflected in the
temperature. However, there is almost no difference in the dynamic loads acting on bearings 1 and
2 of the trailer car. And theoretically the temperature characteristics between the two bearings should
also be very similar, which was validated by experimental tests. Moreover, the axle box bearing
temperature of the motor car was generally higher than that of the trailer car.
Additionally, the flexible deformation of the vehicle components, such as the axle box, wheelset,
and bogie frame, could influence the dynamic interaction of the axle box bearings. However,
the proposed dynamics model only considers the vehicle as a rigid body, which could be
improved in the future. The longitudinal motions of the vehicle system are not considered in
the paper, which will be investigated in our future studies. Besides, several factors contribute
to the temperature rise of the axle box bearing, such as the rotational vibration, operation
time, and wheelset state, which should also be considered further in the future. Moreover, the
axle box bearing’s model could be improved to analyze the internal temperature
characteristics of the bearing under coupling environments in future studies, which is very
helpful in vehicle design, development of condition monitoring and maintenance.
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