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Abstract To explore the impact of wheel-rail excitation on the dynamic performance
of axle box bearings, a dynamic model of the high-speed train including axle box bearings
is developed. Subsequently, the dynamic response characteristics of the axle box bearing
are examined. The investigation focuses on the acceleration characteristics of bearing
vibration under excitation of track irregularities and wheel flats. In addition, experiments
on both normal and faulty bearings are conducted separately, and the correctness of the
model and some conclusions are verified. According to the research, track irregularity
is unfavorable for bearing fault detection based on resonance demodulation. Under the
same speed conditions, the acceleration peak of bearing is inversely proportional to the
length of the wheel flat and directly proportional to its depth. The paper will contribute
to a deeper understanding of the dynamic performance of axle box bearings.
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1 Introduction

Wheel-rail excitation is a hot topic in the research of high-speed railway vehicles. Xu and
Yu[1], for example, studied the relationship between wheels and rails. Liang et al.[2] simulated
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the track irregularity excitation and theoretically studied the dynamic interaction of the vehicle-
track-subgrade system. However, the wheelset may be damaged after long-term operation,
which will cause more serious wheel-rail disturbances, such as wheel flat. It is a kind of tread
scratch that will affect the rolling roundness of the wheel and form periodic pulse excitation
between wheel and rail. The impact load resulting from a wheel flat defect is huge and will
directly affect the operation of the wheel axle. As the inner ring of the bearing is directly
installed on the axle, the periodic shock caused by wheel flats may increase significantly under
its high-speed rotation, which will seriously endanger the safety of the bearing and lead to more
serious accidents. Consequently, It is highly relevant and practical to delve into the dynamic
issues of bearings triggered by wheel-rail excitation.

In recent years, many experts and scholars have explored and researched the wheel-rail
contact relationship under the impact of wheel flats. Regarding the issue of train wheelset
slipping, Yin et al.[3] suggested a technique for early slipping fault detection that can achieve
millisecond-level detection of slipping defects. Han et al.[4–5] established the wheel flat in a
three-dimensional (3D) wheel-rail rolling model. The dynamic finite element simulation was
conducted. It can be found that there will be a significant wheel-rail dynamic impact force
generated by the wheel flat, and it is much greater than the static axle load. Meanwhile, the axle
load, flat length, and train speed all had an impact on the wheel-rail[6]. Steenbergen[7] developed
the speed criterion considering the contact loss of wheel-rail, and studied the characteristics of
the flat in the subcritical speed regime and in the transcritical speed. Liu et al.[8] discussed
the precaution, geometric representation, physical attributes, and reason for flat damage on
wheels. Bian et al.[9] created a 3D finite element model of wheel-rail contact and investigated
the dynamic response of wheel-rail impacts caused by wheel flats. Besides, Bian et al.[10] studied
the effects of the wheel flat on the impact force under a critical wheel flat size. Qin et al.[11]

looked into the evolution law of wheel-rail response when one or two flat defects are present
on the wheel and determined the allowable limit of flats on the wheel tread. Dukkipati and
Dong[12] investigated the characteristics of impact loads resulting from wheel flats using the
vehicle-track system finite element mode. It has been discovered that the vehicle speed and the
size and form of the wheel flat are the primary factors influencing the impact load.

The above scholars have studied the vehicle dynamic response under the wheel flat; mean-
while, some scholars have done research on bearings. Using the proposed model, Zhao et al.[13]

investigated the dynamic interaction between the cage and rollers of bearings and validated
the importance of flexibility and pocket clearance. Lu et al.[14] developed an axle box bear-
ing model with multitype faults and vehicle systems, and performed a theoretical analysis of
rolling tracks that go through the damage locations. Li et al.[15] created a coupling model of
gear-rotor-bearing system，and systematically studied the system’s vibration response by ad-
justing the bearing clearance, speed, and eccentricity. Liu and Shao[16] established a new type
bearing dynamic model, taking into account the lubricating oil film and time-varying excitation
of contact stiffness, and the vibration response of bearings with surface waviness defects was
examined. Liu and Shao[17] further proposed a revised analytical model that takes lubrication
into account for roller bearings. The relationship between vibration impulses and localized de-
fects with different edge shapes was analyzed. For a high-speed train running at variable speeds,
Wang et al.[18] and Liu et al.[19] created a dynamic model of the axle box bearing and rotor
system. They further analyzed the temperature and lubrication characteristics of the bearing
using the original model and focused on the effects of bearing faults on system stability. Tian et
al.[20] built a dynamic model for bearing and studied the dynamic properties of it with localized
defects, which are subject to time-varying displacement excitation. Hou et al.[21] investigated
the dynamic contact load distribution of gearbox bearings on the high-speed train, established
the bearing outer ring’s most load position, and thoroughly investigated the characteristics and
causes of load variations.

However, considering that the axle box bearing’s motion is intimately associated with the



Dynamic analysis of axle box bearings on the high-speed train 443

operating environment of the vehicle, its vibration may also be affected by the wheel flat. In
this case, some scholars have carried out a dynamic analysis of train bearings under external
excitation factors. Studies of Liu et al.[22–23] showed that the random irregularity of the track
in conjunction with the wheel-rail would worsen the motor bearings’ operational conditions.
Besides, it was concluded that through the internal excitation and external excitation, the
vibration acceleration of the motor and its adjacent components of the vehicle increases with
the amplitude of the bearing surface waviness. Li et al.[24] developed a spatially coupled dynamic
model of the vehicle-track. The study demonstrated that there is a strong nonlinear coupled
relationship between the axle box vibration and the vehicle. The effects of the roundness and
waviness errors of the bearing on the vibrations of vehicle were studied, and the superiority of
the proposed model was proved in Refs. [25]–[27]. In addition, some scholars have carried out
dynamic analyses of axle box bearings separately[28–29].

Through the above review, it can be found that the vibration of the bearing will be affected
by external excitation factors. Connecting the bearing with the actual running environment of
the vehicle can more truly reflect its operating conditions. However, in the present research,
the analysis of the bearing dynamics under the wheel-rail excitation is still very lacking, and
so is the vibration law of the axle box bearing. Therefore, with the axle box bearing model in
the vehicle, this paper conducts a dynamic analysis of the axle box bearing under the influence
of wheel-rail excitation. The objective is to clarify the axle box bearing’s vibration law under
wheel-rail excitation and to establish a foundation for the examination of bearing performance
degradation.

2 Modeling of axle box bearings included in the vehicle

2.1 Vehicle model
The vehicle model is established through universal mechanism (UM), which is a multi-body

dynamics simulation software. The vehicle model consists of a car body (6 degrees of freedom),
2 bogies (6 degrees of freedom), 4 wheel pairs (6 degrees of freedom), 8 axle boxes (3 degrees
of freedom), and primary and secondary suspensions, as shown in Fig. 1. The vehicle model’s
specifications are based on the 380B rolling stock, and its main parameters can be found in
Ref. [30]. The calculation of the wheel-rail contact force is a major difficulty in the calculation
of vehicle models. In the calculation process of the model, the wheel-rail contact algorithm
uses FASTSIM, a fast calculation model, and the simplified theory of the Kalker algorithm to
solve the model in the paper. It can be used to simulate the behavior of wheel-rail contact and
compute responses like displacement or stress at the contact points.

Bogie

Wheelset

Axle box
Bearing

Rail

Wheel axle

Car body

Fig. 1 Model structure diagram (color online)

2.2 Axle box bearing model
The axle box bearings (translational freedom in the X-, Y -, and Z-directions) are double-

row tapered roller bearing, consisting of the inner ring, the outer ring, and roller elements. It
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is established by the MATLAB/SIMULINK module. In the modeling process, the components
of the vehicle model and the axle box bearing model are regarded as rigid bodies, and their
elastic deformation is not considered. Among them, due to the complex structure of the axle
box bearing, some simplifications are made to its motion system during its modeling process
for the convenience of research: the outer ring of the bearing is fixed, the inner ring rotates
around the Z-axis synchronously with the wheel axle of the vehicle, and the rollers are purely
rolling on the raceway. The major parameters of the bearing model are shown in Table 1.

Table 1 Structural parameters of the bearings

Parameter Value Unit

Inner ring diameter (Di) 130 mm
Outer ring diameter (Do) 240 mm

Average roller of diameter (D) 26.5 mm
Number of single row rollers (N) 17 –

Effective length of rollers (l) 45 mm

In the modeling of the axle box bearing, its nonlinear contact force includes the contact
force between the outer raceway and rollers (Qo), the contact force between the inner raceway
and rollers (Qi), and the contact force between the inner ring flange and rollers (Qf). αi, αo,
and αf are the contact angles, as shown in Fig. 2. According to the roller being in equilibrium,
the equilibrium equation (1) can be listed as

{
Qo sinαo −Qi sinαi −Qf sinαf = 0,

Qo cos αo −Qi cos αi −Qf cos αf = 0.
(1)

Take Qo as the reference variable, and Eq. (1) can be transformed into the following forms:

Qi = Qo
sin(αo + αf)
sin(αi + αf)

= ciQo, Qf = Qo
sin(αo − αf)
sin(αi + αf)

= cfQo. (2)

(a)

Ft

O

Q1i

Q1f

Q1o

Q2f

Q2i

Q2o

Fz

Fx

Fy

αi
αi

αf

αo αo

αf

Fw

Fa

Z

Y

i

ω

θi

(b)

Fig. 2 Contact force of bearing (color online)

In addition, the Hertz contact theory can be used to infer the relationship between contact
force and deformation. The roller’s contact force is represented as follows:

Qoi = Kneδ
1.11
ni , δni > 0, (3)
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where δni is the contact deformation of the outer raceway and rollers,

δni = δri cos αo + δyi sinαo, (4)

where δri represents the radial displacement of the outer ring relative to the inner ring, and δyi

represents the displacement of the outer ring relative to the inner ring in the axial direction.
In addition, Kne represents the total stiffness of the Hertz contact, it can be derived from

the empirical formula for elastic deformation given by Palmgren[31],

Kne =
3.84× 10−5

l0.8
(1 + c0.9

i cos(αo − αi))−1.11. (5)

By adding the contact loads of all the rollers, the total contact forces of the outer raceway
in the X-, Y -, and Z-directions can be calculated as

Fo =
2∑

m=1

N∑

k=1

Qmok. (6)

Other contact forces such as Qi and Qf can be computed using Eq. (2) once Qo has been
solved. Similarly, Fi and Ff can be solved based on Fo.

If a local fault occurs in the bearing element, the roller passing through the defect will release
some of the amount of deformation that it is compressed, marked as H0, and Eq. (4) can be
transformed into the following form:

δni = δri cos αo + δyi sinαo − λH0, (7)

where λ takes 1 or 0 to indicate whether there is a non-linear Hertz contact force.
2.3 Model coupling and co-simulation

The forces between the bearing and the vehicle can interact to achieve coupling between the
two models, and the connection between the two softwares is realized through the S-function
module. Outputting the UM model to exchange data between the two models, and the co-
simulation computation can be done in the MATLAB/SIMULINK. In the course of the co-
simulation, the data of the vehicle model and the bearing model are exchanged, which are
expressed as interaction forces between the vehicle and the axle box bearings. Among them,
wheel-rail forces (Fw), primary suspension forces (Ft), and rotating arm node forces (Fa) act on
the main components of the axle box bearings. The axle box bearings act on the axle box and
wheelset of the vehicle through the non-linear forces (Fo, Fi, and Ff) generated by the Hertz
contact. The co-simulation diagram is shown in Fig. 3. The detailed establishment processes of
the bearing and bearing fault model, as well as the co-simulation between the vehicle and the
bearing, have all been thoroughly and specifically described in Ref. [30].

3 Analysis of bearing vibration under track irregularity

The irregularity of the track during running of the vehicle can cause various vibrations in
the vehicle system, which will inevitably have an effect on the axle box bearings. It is required
to investigate bearing vibration under track irregularity conditions in order to conduct a more
accurate and comprehensive analysis of the axle box bearings. Following the construction of
the vehicle model, the rail vehicle/track/irregularities module can be used to simulate it by
importing the track irregularities. In addition, wheel tread damage, such as wheel flats and
wheel polygons, can be added to the created wheelset model using the rail vehicle/wheels/out-
of-round module.
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Fig. 3 Co-simulation diagram (color online)

3.1 Simulation analysis
The German high-interference track irregularity spectrum is used in the simulation because

it has a well-established standard of use and can give a better response to the vibration charac-
teristics of the axle box bearings in a shorter period of time. Set the vehicle speed to 300 km/h
and simulate bearings with outer and inner ring faults, respectively. Figure 4 depicts the time
domain of the lateral and vertical acceleration of the bearing, where WI (with irregularity)
represents input track irregularity, and WOI (without irregularity) represents non-input track
irregularity. The comparison between two working conditions reveals that under the influence of
track irregularity, the bearing’s acceleration fluctuates to varying degrees in the two directions.
The maximum value of its acceleration, however, does not differ significantly with or without
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track irregularities. This is due to the fact that the failure of the bearing components will result
in a relatively large vibration acceleration of the bearing itself.

The bearing fault diagnosis algorithm based on resonance demodulation is a popular and
widely used method for bearing fault detection. To further investigate the impact of track
irregularity on signal characteristics, frequency domain features of acceleration signals in the
lateral and vertical directions of bearings are extracted, and an envelope analysis is performed.
The characteristic frequencies generated by bearing outer ring faults and inner ring faults can
be calculated through the following equation:

fo =
N

2

(
1− D

Dm
cos αo

)
fs, fi =

N

2

(
1 +

D

Dm
cos αo

)
fs, (8)

where D is the diameter of the roller, Dm is the pitch diameter of the bearing, and fs is the
rotational frequency of the axle,

fs =
V0

2πR
, (9)

where V0 is the running speed of the vehicle, and R is the radius of the wheel. The simulation
results prove to be correct if the fault characteristic frequency of the bearing is extracted from
the simulation results. The correctness of the simulation results can be further determined if
they are close to the experimental results.

Set the speed to 300 km/h, Eqs. (8) and (9) can be utilized to calculate fo = 210.5Hz,
fi = 279.64Hz, and fs = 28.83Hz, respectively. The results for the outer ring fault bearing, as
shown in Fig. 5, are consistent in both directions, and the track irregularity has no effect on the
extraction of the outer ring fault characteristic frequency. The clear fo and its multiples can
still be detected under the assumption of inputting the track irregularity spectrum, but their
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amplitude has decreased to some extent. For inner ring faulty bearings, as shown in Fig. 5, under
the impact of track irregularity, fs, fi, and multiples of fi can be detected. Sidebands exist
on both sides of each inner ring fault characteristic frequency, separated by fs. However, the
amplitudes of fs, fi, and sidebands of fi are somewhat reduced by the input track irregularity.

In summary, for faulty bearings, the fault characteristic frequencies can be detected in both
the lateral and vertical directions, but it will reduce the amplitude of the spectrum to some
extent, which is unfavorable for bearing fault detection based on resonance demodulation.
3.2 Experimental verification

The single wheelset rolling and vibrating test rig is a multi-use test bench that mimics
the behavior of high-speed trains. Experiments are carried out on the rig to confirm the
simulation’s conclusion. Two axle box bearings are used in the experiment as the test subjects,
and acceleration sensors are mounted on the east and west sides of the axle box. An outer
ring fault bearing is installed on the east side of the axle box, and an inner ring fault bearing
is installed on the other side. The inner/outer ring of the bearing has a wire-cut penetration
wound with a width of 1 mm, which is a relatively serious outer ring fault. Assign a vertical
load of 7 t, a running speed of 300 km/h, a sampling frequency of 25.6 kHz, and a sampling
time of 60 seconds. Sensors at the upper end of the axle box end cover are used to gather
the vertical and lateral acceleration signals of the axle box. The wheel rail excitation is set for
two test conditions: input track irregularity and non-input track irregularity, and the vibration
accelerations of the axle box bearing are collected. The experimental site is shown in Fig. 6.

(a) (b) (c)

Actuator

Wheelset

Rail wheel
Bearing fault

Fig. 6 Experimental site: (a) test rig; (b) arrangement of acceleration sensors; (c) bearing fault (color
online)

Evaluate the time domain analysis of the extracted acceleration. Despite the presence of
complex factors such as friction, noise, temperature, and lubrication in the experiment, the
bearing’s acceleration value remains large, particularly in the transverse direction, even in the
absence of input track irregularity. The lateral and vertical acceleration of the bearing with
the outer ring fault is shown in Fig. 7(a). There will be some fluctuations in the bearing’s
acceleration following the input track irregularity, but there is no significant difference. The
track irregularity does not appear to have a significant impact on the acceleration of the outer
ring fault bearing, which is consistent with the simulation results. Figure 7(b) depicts the
lateral and vertical acceleration of the inner ring fault bearing. The shock effect caused by the
inner ring fault is influenced by fs because the faults revolve around the axle. The interval
between the two impacts in the figure is exactly the axle rotation period, which agrees with
the time-domain characteristics of the inner ring fault. Furthermore, the amplitude difference
of the acceleration before and after input track irregularity is not significant, and it is in line
with the outcomes of the simulation.

The acceleration envelope spectra with the outer ring fault are shown in Fig. 8(a). fo and its
multiples can be clearly detected after input track irregularity, but its amplitude decreases in
degree. Figure 8(b) depicts the acceleration envelope spectrum with an inner ring fault. fs, fi

and its multiplies, and the sidebands separated by fs can all be detected after inputting the track
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irregularity. The amplitude of the envelope spectrum, however, decreases under the influence of
track irregularities. In summary, there is consistency between the results of the simulation and
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the experiment, proving the correctness of the conclusions reached. That is, track irregularities
will cause slight interference in fault detection and will weaken the component of fault frequency
in the bearing signal to some extent. Concurrently, the strong agreement between simulation
and experimental data confirms the accuracy of the established axle box bearing model.

4 Analysis of bearing vibration response to various wheel flat excitation

4.1 Wheel flat model
Wheel flats can be newly formed, transitional or rounded, which have varying depths at the

start of their creation and fluctuate in length as they wear. The ideal newly formed wheel flat is
a string line[32]. The margins of the wheel flat progressively smooth off to become a transitional
one, which results in continuous impact and wear. With continued wear, a gradual increase in
length is observed in the transition wheel flat, eventually forming the rounded wheel flat. The
calculation of wheel flat size can be obtained by the following equations:





L0 =
√

8Rd− d2,

Z(x) = (d/2)(1 + cos(2πx/L1)),
L1 = πL0/2,

(10)

where d is the depth of the newly formed flat, L0 is its length, and L1 is the rounded flat’s
minimum length that ensures the wheel’s convex shape. The schematic diagram of the wheel
flat is shown in Fig. 9. The wheel flat excitation will be manifested in the frequency domain as
fs. Z(x) is the circumferential variation of the wheel radius, and x is the arc length along the
surface tread of the wheel.

R

O

Wheelset

Rounded wheel flat

New wheel flat
Enlarge

d drawing

Lt

Lo

d

Fig. 9 Schematic diagram of wheel flat (color online)

4.2 Simulation and experimental verification
Set the simulation parameters to simulate normal and fault bearings, respectively, where the

wheel flat depth is 0.1 mm, and the vehicle is running at 100 km/h. The time-frequency domain
analysis of normal bearing acceleration in the vertical direction is shown in Fig. 10(a). The
bearing acceleration exhibits obvious periodic vibration under excitation of wheel flat, and the
time interval between the two vibrations is exactly the reciprocal of fs. The frequency domain
diagram clearly shows fs and its multiplies. The time-frequency domain analysis of outer ring
fault bearing is shown in Fig. 10(b). Two vibration impacts with different periods appear in the
figure. The longer time interval between two impacts is the reciprocal of fo, and the shorter
time interval between two impacts is the reciprocal of fs. The frequency domain reveals obvious
fo and its multiples, as well as fs and its multiples. These vibration characteristics in both the
time and frequency domains fully demonstrate the coupled model’s correctness. Experiments
will be performed to validate the simulation results.

In order to confirm the accuracy of the simulation results, experiments are conducted on
the single wheelset rolling and vibrating test rig shown in Subsection 3.2. Due to the limited
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Fig. 10 Acceleration of bearing (simulation): (a) normal bearing; (b) outer ring fault bearing (color
online)

experimental conditions, the wheel flat is placed on the tread of the east rail wheel with a depth
of 40 µm. The fault size of the bearing is consistent with that of Subsection 3.2. Figure 11(a)
depicts the normal bearing acceleration which exhibits obvious periodic vibration under the
wheel flat excitation, and the time interval between the two vibrations is exactly the reciprocal
of the rotation frequency of the rail wheel (fw). fw and its multiples can be observed on the
frequency domain diagram. Figure 11(b) depicts the acceleration analysis of the outer ring fault
bearing. Because of the influence of background noise in the system and the relatively small
size of the rail wheel flat, no obvious vibration caused by the rail wheel excitation is detected in
the time-domain, but obvious vibration caused by the bearing outer ring fault can be observed.
Even though the amplitude is quite small, there are obvious fo and its multiples as well as fw

and its multiples in the frequency domain.
This fully demonstrates that the calculation results obtained by the axle box bearing model

in the vehicle and the wheel flat model established are reliable, and these models can be used
for further simulation and analysis.
4.3 Simulation under different types of wheel flat

With the vehicle running at a speed of 100 km/h, the axle box bearing model is simulated
independently under excitation of newly formed, transitional, and rounded wheel flats with
a depth of 0.1 mm. Figure 12 reveals the bearing’s acceleration in longitudinal, lateral, and
vertical orientations. It can be found that in all the three circumstances, the vibration of
the bearing is most affected and longest lasting by excitation of the newly formed wheel flat,
which is followed by the transition wheel flat and the rounded wheel flat. This is because the
angularity is more obvious when the wheel flat is first formed, which makes the instantaneous
impact of the newly formed wheel flat on the bearing stronger. As transitional and rounded
wheel flats have a smoother surface after wear, their impacts on the vibration of the bearing
are less than those of a newly formed wheel flat. Because the lengths of the transitional wheel
flat and rounded wheel flat increase with wear, the rounded wheel flat has the earliest influence
on the bearing, followed by the transitional wheel flat and newly formed wheel flat.
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Fig. 11 Acceleration of bearing (experiment): (a) normal bearing in; (b) outer ring fault bearing
(color online)
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Fig. 12 Bearing accelerations: (a) longitudinal; (b) lateral; (c) vertical (color online)

As illustrated in Fig. 13(a), the longitudinal direction of vehicle operation is represented by
the X-direction, the lateral direction of vehicle operation is represented by the Y -direction,
and the vertical direction of vehicle operation is represented by the Z-direction. It shows that
the root mean square (RMS) of its acceleration is the greatest in the vertical direction. The
reason for this phenomenon is that the vertical direction is the direction in which the bearing
is mainly loaded. Making use of the RMS of the bearing’s acceleration under the impact of the
rounded wheel flat as a reference, the RMS graphs of the bearing’s acceleration corresponding
to excitation of the newly formed and the transitional wheel flats are compared, respectively,
as shown in Fig. 13(b). It can be found that, the RMS under excitation of the newly formed
wheel flat can reach 5.47 times that of the rounded wheel flat in vertical. Besides, the impact
under the transitional wheel flat is 2.53 times greater than that under the rounded wheel flat.
In the longitudinal direction, the RMS under the impact of the newly formed wheel flat is 2.04
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times greater than that under the rounded wheel flat, and the RMS under the impact of the
transitional wheel flat is 1.58 times greater than that under the rounded wheel flat. As a result,
when the wheel flat first forms, the bearing vertical acceleration is extremely great, followed by
lateral and longitudinal accelerations. The acceleration gradually decreases with the wear of
wheel flats.
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Fig. 13 The RMS of the bearing’s acceleration: (a) values in three directions; (b) multiple (color
online)

As shown in Fig. 14, changes in the vehicle’s running speed can alter the interaction between
the wheel and track, affecting the vibration of the bearing. The RMSs of the bearing’s acceler-
ations vary with speeds under excitation of three types of wheel flats, and in the longitudinal
direction, the RMSs under the excitation of the three types of wheel flats are relatively similar.
All of them show a gradually increasing trend, with the rate of increase being faster under
excitation of the rounded wheel flat and eventually surpassing those under the newly formed
and transitional wheel flats. In the lateral direction, the RMSs increase and then decrease and
gradually stabilize under the excitation of all three types of wheel flats, with the RMS of the
acceleration under excitation of the newly formed wheel flat peaking at about 60 km/h, that
under excitation of the transition wheel flat peaking at about 90 km/h, and that under the
excitation of the rounded wheel flat peaking at about 120 km/h. It can be found that as the
length of the wheel flat increases, so does the vehicle speed corresponding to the peak point of
the RMS. In the vertical direction, the RMS of the acceleration increases gradually in all three
cases, and at a speed of about 240 km/h, the RMS under excitation of the transitional wheel
flat exceeds that under the newly formed wheel flat. Overall, the newly formed wheel flat has
a greater impact on the bearing in the vertical and lateral directions. But the importance of
the rounded wheel flat cannot be ignored, because in the longitudinal direction, its influence
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Fig. 14 The RMS of bearing’s acceleration: (a) longitudinal; (b) lateral; (c) vertical (color online)
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on the bearing will gradually increase with the vehicle speed and outweigh that of the newly
formed and transitional wheel flats.
4.4 Simulation of changes in the length of the rounded wheel flat

The vehicle speed and wheel flat size are critical factors in studying the effect of wheel flat
impact. Newly formed wheel flat forms and wears out quickly as vehicle mileage increases and
the wheel rotates at high speeds, so rounded wheel flat is a common form. During gradual wear,
the wheel flat remains constant in depth and gradually increases in length, and this change may
affect the vibration of the bearing in varying degrees. Set the conditions as follows: the depth of
the rounded wheel flat is 0.1 mm, and the length varies from 40mm to 100 mm, the acceleration
peak of the bearing is shown in Fig. 15. The change in length represents the gradual wear of
the wheel flat. As shown Fig. 15, the length of the wheel flat is constant, and acceleration peaks
of the bearing in the vertical and longitudinal directions will increase continuously as speed
increases. Acceleration peaks in the lateral direction increase first and then decrease. From
the overall view, at the same vehicle speed, vibrations in three directions follow the following
trend: the longer the wheel flat is, the smaller the acceleration peak of the bearing is. This is
because the wheel flat wears to make the curvature of the wheel more rounded and smoother,
reducing the impact on the track and the vibration shock transmitted to the bearings.
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Fig. 15 Bearing’s acceleration peak: (a) longitudinal; (b) lateral; (c) vertical (color online)

Simulation results are taken for vehicle speeds of 30 km/h, 150 km/h, and 300 km/h. The
three speeds represent the low, medium, and high speeds of the vehicle, respectively. Define
an indicator, the variation index “VI”. It represents the variation of the bearing’s acceleration
peak under excitation of the rounded wheel flat, and it can be obtained through dividing the
acceleration peak under excitation of the transition wheel flat by the acceleration peak under
excitation of different wheel flat lengths. According to Fig. 16, in the longitudinal direction,
VI gradually rises along with the increase in the flat length at the low vehicle speed. The
variations fluctuate at the medium and high speeds, and a positive increase occurs at the high
speed. Overall, the variation of the acceleration peak at low speed is greatest, followed by that
at medium speed, and then at high speed. In the lateral direction, VI increases as the length of
the flat increases at different vehicle speeds. The variation of the acceleration peak at low speed
is the greatest, followed by that at high speed and medium speed. In the vertical direction,
with the increase in the flat length, VI at different velocities gradually increases. The conclusion
at speed condition is the same as in the longitudinal direction.

As a result, VI is greater when the length is longer, and the vehicle speed is lower under
the condition when the depth of the flat is constant. Therefore, when the wheel has a flat
defect after a longer period of wear, the bearing is more likely to be damaged during low-speed
operation.
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4.5 Simulation of changes in the depth of the rounded wheel flat
Wheel flats are a type of tread scuffing that may form at different depths as the wheel

rotates, causing different effects on the vibration of the bearing. Set the conditions as follows:
the length of the flat is 80mm, and the depth varies in the range of 0.1mm to 0.6 mm, the
acceleration peak of the bearing under excitation of the rounded wheel flat is shown in Fig. 17.
It can be found that when the depth of the flat is constant, the acceleration peaks in the vertical
and longitudinal directions increase gradually with the vehicle speeds, while the peak in the
lateral direction increases and then decreases. When the vehicle speed and the length of the
flat are constants, acceleration peaks in all three directions increase gradually as the depth of
the flat increases.
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Fig. 17 Bearing’s acceleration peak: (a) longitudinal; (b) lateral; (c) vertical (color online)

Simulation results are obtained under the conditions when the vehicle speeds are 30 km/h,
150 km/h, and 300 km/h, respectively. To get VI in three directions, the acceleration peak of
the bearing under excitation of different wheel flat depths is divided by the acceleration peak
under excitation of 0.1 mm depth, respectively. According to Fig. 18, when the vehicle has a
stable speed in the longitudinal direction, VI steadily increases with the increase in the flat
depth. Overall, the variation of the acceleration peak at low speed is the greatest, followed by
that at the high speed, and then at the medium speed. In the lateral direction, VI gradually
increases with the increase in the flat depth. The variation of the acceleration peak at the
medium speed is the greatest, followed by that at the high speed, and then at the low speed.
VI is gradually rising in the vertical direction along with the increase in the flat depth. The
variation of the acceleration peak grows more quickly at the low speed, followed by the medium
speed, and then at the high speed.
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Therefore, if the depth of the flat is greater, the variations of the peaks in the vertical and
longitudinal directions are larger at the low speed, and the variation of the peak in the lateral
direction is larger at the medium speed. As a result, when there is a deep flat on the wheel,
the vehicle’s low and medium speed operation will cause more damage to the axle box bearings
and may cause them damage.
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Fig. 18 Variation index of the acceleration peak: (a) longitudinal; (b) lateral; (c) vertical (color
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5 Vibration contributions of wheel flat and track irregularity

The track irregularity and the wheel flat will cause strong wheel-rail excitation, which will
have an effect on the vibration of the axle box bearing, so the bearing vibrations under the
two excitation are analyzed to investigate their contributions. The size of the wheel flat is
selected as input to be 0.1mm deep. Based on test results, Liu et al.[33] estimated the vibration
contributions of different types of excitation to the amplitude characteristics of the axle box
and gearbox. By calculating the difference of acceleration amplitude, the amplitude components
of each excitation can be separated approximately. A similar approach is used in this paper
to investigate the contribution of track irregularity and wheel flat excitation to the amplitude
characteristics of axle box bearing vibration acceleration. As shown in Fig. 19, TI represents the
track regularity, and WF represents the wheel flat. The vehicle speed of 150 km/h is selected as
an example. In the longitudinal direction, the amplitude components of the bearing caused by
the wheel flat excitation and track irregularity are 70.75 m/s2 and 3.98 m/s2, respectively, with
a composition ratio of 94% and 6%. In the lateral direction, the contributing magnitudes are
18.68m/s2 and 0.71 m/s2, respectively, with a composition ratio of 96% and 4%. In the vertical
direction, the contributing magnitudes are 630.42 m/s2 and 15.78 m/s2, respectively, with a
composition ratio of 98% and 2%. It is obvious that the vibration of the bearing caused by
wheel flats is much greater than that caused by track irregularity. The wheel flat will generate
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periodic worse shocks to the bearings, which can be fatal to the health of the bearings, so it
is essential to study the vibration characteristics of axle box bearings under excitation of the
wheel flat.
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In addition, the contribution of track irregularity and wheel flat excitation to the amplitude
characteristics of internal contact force of the axle box bearing is analyzed, as shown in Fig. 20.
At the speed of 150 km/h, the amplitude components of the the contact force caused by the
wheel flat excitation and track irregularity are 1 037 N and 3 946 N in the longitudinal direction,
respectively, with a composition ratio of 21 % and 79 %. In the lateral direction, the contributing
magnitudes are 699 N and 740 N, respectively, with a composition ratio of 49 % and 51 %. In the
vertical direction, the contributing magnitudes are 12 406N and 89 060 N, respectively, with a
composition ratio of 12 % and 88%. It can be found that at this speed, the bearing contact force
is more affected by the track irregularity than the wheel flat excitation. But on the whole, with
the increase in speed, the contribution of the wheel flat excitation to the bearing contact force
amplitude gradually increases, which further illustrates the importance of wheel flat excitation
on the bearing vibration.

6 Conclusions

An axle box bearing model included in the vehicle is used in the paper to study the dynamic
response of axle box bearings under wheel-rail excitation. The correctness of the model and
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some conclusions is verified through simulation and experiments. The findings of the study are
summarized as follows.

(i) Under excitation of track irregularity, the bearing’s acceleration does not differ signifi-
cantly in time domain. Track irregularities have slight interference in fault detection, weaken
the component of fault frequency in the bearing signal to some extent, and reduce the am-
plitude of the spectrum, which is unfavorable for bearing fault detection based on resonance
demodulation.

(ii) Excitation of the newly formed wheel flat has the greatest magnitude and duration of im-
pact on the vibration of the bearing, followed by the transition wheel flat and the rounded wheel
flat. The impact gradually decreases as the wheel flats wear. As the vehicle speed increases,
the effect of the rounded wheel flat on the vibration of the bearing cannot be understated in
the longitudinal direction.

(iii) At the same vehicle speed, the peak acceleration of the bearing is inversely proportional
to the length of the flat and directly proportional to its depth. When the depth of the flat is
constant, longer length and low vehicle speed will lead to a greater VI on the acceleration of
the bearing. When the length of the flat is certain, greater depth and low or medium vehicle
speed will lead to a greater VI on the acceleration of the bearing, both of which may cause a
greater probability of bearing damage.

(iv) The vibration amplitude of bearing acceleration caused by wheel flat excitation is ex-
tremely large compared with that caused by track irregularities. At the same speed, the track
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irregularity has a relatively larger impact on the bearing contact force. As speed increases, the
effect of wheel flat excitation on bearings should be paid more attention.
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