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When high-speed trains operate under braking conditions, the wheel-rail interaction increases signifcantly, which can lead to
more serious wear problems. To analyze the evolution of wheel wear and the dynamic characteristics of wheel-rail under braking
conditions, this paper frst carries out long-term monitoring of the service state of wheel-rail during the operation period. Te
study analyzed thematching characteristics of themeasured wheel-rail profle and calibrated the wearmodel by using the collected
data. Te resulting wear prediction model was then used to examine the wheel wear characteristics under braking conditions. Te
research results indicate that during the operation period, the wheel experiences tread concave wear within a range of ±20mm of
the rolling circle, at a rate of approximately 0.05mm per 10,000 km. Meanwhile, the rail experiences top surface wear at a natural
rate of about 0.09mm per year. Concave wear causes the contact point of the wheel-rail to appear in two zones, resulting in
a sudden change of contact geometric parameters. Te concave worn wheel and rail with a 60N profle have better matching
compared to the 60 rail profle. Increasing the braking torque and wheel-rail friction coefcient will signifcantly increase the
wheel wear depth on straight sections. On small-radius curve sections, rail side lubrication can signifcantly reduce high rail side
wheel fange wear. A worn concave wheel can lead to unfavorable wheel-rail contact geometry characteristics and increase low-
frequency components in the vehicle’s lateral dynamic response.

1. Introduction

By the end of 2022, the China’s high-speed railway operating
mileage has reached 42,000 kilometers, and the high-speed
railway is becoming the preferredmode of transportation for
more and more people. However, due to the high speed,
short departure interval, and high trafc density of high-
speed trains, frequent impacts occur between the wheels and
the track, and the interaction between the wheel and the rail
becomes more intense, and the wear and contact fatigue
between the wheel and the rail also become more serious.
Terefore, some problems caused by wheel-rail wear need to

be paid attention to in the daily operation and management
process of high-speed rail. It should be noted that when the
train brakes and slows down, the interaction between the
wheel and rail will increase signifcantly, which will lead to
more serious wheel-rail wear. Terefore, the wheel-rail wear
problem under braking conditions needs to be focused on.

Experts and scholars have conducted a lot of research
and calculations on wheel-rail wear issues around material
wear models, profle smoothing algorithms, and local
contact theory. Luo et al. [1] established a coupling model of
vehicle multibody system dynamics and wheel wear, and
compared and analyzed the diferences of the Archard wear
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model, wear model based on friction work, and wear model
based on wear index in predicting the development and
distribution of high-speed rail wheel profle wear. Ding et al.
[2] took the C80 freight car as the research object and
analyzed the infuence of axle load, speed, curve radius, and
wheel hardness on wheel tread wear based on Pearce,
Zobory, Jendel, and Braghin four wear models. Braghin et al.
[3] proposed a USFD wear function, introduced it into the
feld of wheel-rail wear calculation, and verifed the ratio-
nality of the model calculation by using a disc test. Tao et al.
[4] established a high-speed train wheel wear prediction
model that includes vehicle-track dynamic simulation, local
contact solution, wheel wear calculation, and profle
smoothing and updating strategy and verifed the model
with the measured data. Orlova and Boronenko [5] studied
the infuence of bogie-frame interaction mode on wheel
wear by combining experiment and numerical simulation.
Quan Sun et al. [6] studied the infuence law of curve radius,
superelevation, and speed on wheel-rail wear by calculating
the dynamic behavior of freight cars. Han and Zhang [7]
established a numerical model for predicting wheel wear
based on measured wear data. Based on the least squares
method, the polynomial ftting method was used to obtain
a numerical prediction method for wear.

With the development of wheel-rail rolling contact
theory, scholars began to introduce non-Hertzian contact
into the simulation calculations of wheel-rail wear. Jin et al.
[8] established a three-dimensional vehicle-track coupling
dynamic model based on non-Hertzian contact between
wheel and rail and studied the wheel wear situation when
a vehicle passed through the curve. Yang et al. [9] used
a modifed non-Hertz contact algorithm to calculate the
infuence of curve superelevation on rail wear. Li et al. [10]
used improved Kalker non-Hertzian theory to calculate
wheel-rail contact wear. Te results show that the non-
Hertzian contact model is more reasonable for small-
radius curve fange wear.

After conducting more extensive research, a more
comprehensive understanding of wheel-rail wear has been
achieved. Tis includes taking into account factors such as
wheel-rail elasticity and random wheel-rail contact
characteristics. Meinders et al. [11] established a vehicle
rigid-fexible coupling model, considering wheelset elas-
ticity, and explained the generation mechanism of wheel
polygonization. Aceituno et al. [12] and Tao et al. [13]
studied the infuence of rail fexibility on wheel wear
calculation. In order to predict the evolution of wheel
wear more accurately, Hossein-Nia et al. [14] considered
the random parameters of wheel-rail interaction in the
whole process of wear prediction, such as random rail
profle and track irregularity. Luo et al. [15] proposed
a wheel-rail wear prediction model considering random
factors and used the model to discuss the infuence of
random characteristics of rail profle and track parameters
on wheel tread wear.

Te studies mentioned above analyze wheel-rail wear
primarily from a vehicle dynamics perspective. Some
scholars have also adopted the fnite element theory to
examine changes in wheel-rail wear. Xiao et al. [16] studied

the infuence of friction coefcient on wheel-rail wear. Te
results show that the friction coefcient has a great infuence
on the contact area wear depth and wear distribution. Wang
et al. [17] proposed a friction work calculation method based
on fnite element theory and analyzed the tread wear of high-
speed trains.

Scholars have also analyzed the efect of worn wheels
on wheel-rail static contact characteristics, vehicle dy-
namics, and wheel-rail contact fatigue. Wilson et al. [18]
analyzed the relationship between tread concave wear
and vehicle swaying instability. Te results show that
concave tread does not directly lead to vehicle swaying
instability, but will aggravate vehicle lateral vibration. Li
et al. [19] used multibody dynamics simulation software
Simpack to compare the changes in vehicle operation
safety index before and after wheel wear. Sawley et al.
[20, 21] analyzed the changes of wheel-rail contact ge-
ometry, wheelset yaw angle, and lateral force with wheel
concave wear by using experimental and simulation
analysis techniques. Lu et al. [22] tested the wheel-rail
wear of the subway, analyzed the wheel-rail contact
geometric relationship between the measured profle and
the rail, and used the multibody dynamics software to
study the infuence of wheel wear on vehicle dynamic
performance and wheel-rail contact damage character-
istics. Jin et al. [23] systematically analyzed and sum-
marized the lateral wear situation, characteristics,
formation mechanism, and infuence on vehicle dynamic
behavior of high-speed railway.

In addition, wear management is carried out from the
two perspectives of wheel-rail friction management and
profle optimization. Ignesti et al. [24, 25] proposed a wear
model that can simultaneously predict the wheel-rail
profles on small-radius curves and then gave a method
for optimizing the design profles of wheel-rail. Ishida
et al. [26] found that wheel-rail friction management can
signifcantly optimize wheel-rail dynamic interaction and
greatly reduce lateral wheel-rail force and wheelset yaw
angle when a vehicle passes through a curve by numerical
simulation and feld test. Wear caused by rail turns out to
be a problem.

Te abovementioned studies have conducted a more
detailed study on the mechanism of wheel-rail wear, the
infuence of wheel-rail wear on the wheel-rail contact ge-
ometry, and the dynamic performance of the wheel-rail
system; however, in the research on wheel-rail wear, train
acceleration and deceleration conditions are rarely consid-
ered. In the process of train operation, there are often sit-
uations such as braking, and the large wheel-rail creep
caused by braking will afect the wheel-wear simulation
results. Terefore, based on the consideration of train
braking action, this paper establishes a wheel wear pre-
diction model and calibrates the model with the measured
data. By using the numerical model, the infuence law of
braking torque, friction coefcient, and running speed on
the distribution and development of wheel wear of high-
speed trains is studied, in order to provide guidance and
reference for wear management and track maintenance in
high-speed train operation.
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2. Wheel-Rail Service Status of Long-
Term Monitoring

2.1. Introduction to Field Testing. In order to understand the
relationship between wheel-rail profle status and the service
time of the wheel-rail system, this paper selects the Beijing-
Shanghai high-speed railway as a typical line and carries out
long-term monitoring on the wheel and rail profles, as
shown in Figure 1. Te profle calibration algorithm is used
to preprocess the measured profle data [27]. Combined with
the observed profle data, statistics and wheel-rail matching
analysis are carried out to study the change of wheel-rail
profle in the service process and to further evaluate the
distribution of wheel-rail contact points under diferent
service conditions.

2.2. Wheel Service Status. Figures 2 and 3 show the changes
in the reprofled LMB10 wheel profle over time. It can be
seen from the fgures that the wheel mainly sufers from
tread concave wear, and the wear distribution is within the
−20∼20mm range of the tread; the wear distribution
characteristics of the left and right wheels are basically
consistent, and the maximum wear value occurs near the
rolling circle of the wheelset. With the increase in running
mileage, the wear range and depth gradually increase; the
average wheel wear is basically linear with the operating
mileage, and the wear rate is about 0.05mm/10,000 km.
With the increase in service time, the dispersion of wheel
wear of the whole train gradually increases. Taking
100,000 km as an example, the maximum wear depth is
0.71mm and the minimum wear depth is 0.42mm.

Equivalent conicity is an important parameter to eval-
uate the matching of wheel-rail profles. Te UIC 519
standard method is used to calculate the equivalent conicity
for a 3mm amplitude. When wheels with diferent profles
are matched with the 60 rail profle and the 60N rail profle
[28], their equivalent conicities are calculated, respectively. It
is evident from Figure 4 that the equivalent conicity of the
wheel varies whenmatched with rails of diferent profles. As
the operating mileage increases, the equivalent conicity for
the standard 60 rail exhibits a consistent linear growth trend,
whereas the equivalent conicity for the 60N rail initially
increases before stabilizing gradually. During the initial
stages of wheel reprofling, the equivalent conicity of the
wheels for both types of rails is almost the same. However,
after operating for 100,000 kilometers, the 60N rail exhibits
better wheel-rail profle-matching performance, with an
equivalent conicity of approximately 0.22. On the other
hand, the standard 60 rail’s equivalent conicity measures
approximately 0.35, approaching the limit value corre-
sponding to the lateral shaking alarm of the bogie [29].

Figures 5 and 6 show the wheel-rail profle-matching
performance of diferent wheel profles. Te contact points
on the wheel tread and rail profle are evenly distributed
during the initial stage of wheel reprofling. However, after
concave wear occurs on the wheel, the distribution of contact
points displays a zoning phenomenon, resulting in the
distribution of wheel-rail contact points in two

discontinuous regions. Upon further analysis, it was ob-
served that after wheel reprofling, the contact point posi-
tion, rolling circle radius diference, and contact angle
diference change smoothly as the wheelset moves laterally
during the initial stage. However, in the case of a concave
worn wheel, the contact point’s position and contact geo-
metric parameters exhibit a step pattern with lateral wheelset
movement. Te reason for this occurrence is that the wheel
and rail lose contact at the concave wear center position,
causing an abrupt shift in the contact point when the
wheelset is laterally displaced. As a result, the contact
geometric parameters also undergo sudden changes.

2.3. Rail Service Status. A long-term monitoring of the
operating line was conducted to analyze the rail profle’s
performance. Te results are presented in Figure 7. Te
analysis indicates that the rail’s top wear depth and wear rate
are both minimal, and there are some variations in the test
data across diferent rail sections. Overall, the wear depth has
an almost linear relationship with the service time, and the
rail’s average natural wear rate is approximately 0.09mm/
year.

An additional analysis was conducted on the measured
rail profle deviations. Te deviations were calculated for the
rail top in relation to the 60N reference profle [30]. Profles
were classifed based on their deviation at a distance of
20mm from the working edge. For example, 60N_0.8
represents a deviation of 0.8mm, and 60N_−0.4 represents
a deviation of −0.4mm. Te results of the rail profle de-
viation analysis are presented in Figures 8 and 9. Te results
illustrate a signifcant deviation between the nonworking
side (−30∼−10mm) and the working side (10∼30mm), with
a maximum deviation of 3.3mm. At a distance of 20mm
from the working edge, the deviation value shows a normal
distribution ranging from −0.4mm to 0.8mm, with ap-
proximately 60% of the deviation values falling within the
range of 0∼0.4mm.

Figures 10 and 11 show the matching of diferent profle
rails with new wheels. From the fgures, it can be seen that as
the wheelset moves laterally, the contact point position
basically changes linearly. Among them, the rail contact
point corresponding to 60N_0.8 moves to the working edge
side of the rail, while the rail contact point corresponding to
60N_−0.4 moves to the rail top; the contact point position
corresponding to 60N_−0.4 rail profle is similar to the 60N
rail profle.

Figure 12 displays the equivalent conicity of a wheel
when matched with diferent rail profles. Te results show
that for a reprofled wheel, the equivalent conicity is
approximately 0.1 when the wheelset lateral displacement
is less than 9mm. However, when the lateral displacement
exceeds 9mm, the equivalent conicity increases rapidly.
When dealing with concave worn wheels, the equivalent
conicity can be divided into three stages based on the
lateral displacement. In the range of 0∼5mm, the
equivalent conicity shows a trend of frst rising and then
falling, among which the equivalent conicity corre-
sponding to 60 N_0.8 is larger, even exceeding the limit
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Figure 2: Wheelset wear depth under diferent operating mileage. (a) Left wheel. (b) Right wheel.

W
ea

r d
ep

th
 (m

m
)

-10

0

10

20

30

40

-60 -40 -20 0 20 40 60 80-80
 lateral coordinate (mm)

-15 0 15 30-30

20000 km 
60000 km
100000 km

(a)

W
ea

r d
ep

th
 (m

m
)

-20 -10 0 10 20 30-30
 lateral coordinate (mm)

0.0

0.2

0.4

0.6

0.8

20000 km
60000 km
100000 km

40000 km
80000 km

(b)

Figure 3: Wheelset wear distribution under diferent operating mileage. (a) Te worn wheel. (b) Wear distribution.
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Figure 1: Wheel-rail profle of long-term monitoring in Beijing-Shanghai high-speed railway. (a) Wheel profle. (b) Rail profle.
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value of 0.35; while the equivalent conicity corresponding
to 60 N_−0.4 is smaller, which may cause low-frequency
oscillation of the car body [29], in the range of 5∼10mm,
the diference of equivalent conicity corresponding to
diferent profle rails is small and shows a slow downward
trend; after exceeding 10mm, the equivalent conicity rises
rapidly and shows diferentiation.

3. Model Construction

3.1. Vehicle-Track Dynamic Interaction Model. Te study
focuses on the high-speed vehicle equipped with a reprofled
LMB10 wheel profle. A 42-degree-of-freedom coupled

dynamic model of the vehicle in lateral-vertical-longitudinal
directions is established using multibody system dynamics
theory [31]. Te model consists of one car body, two bogies,
and four wheelsets, which are connected by primary and
secondary suspensions, as shown in Figure 13. Te primary
suspension employs an axle box arm positioning device and
features vertical springs and damping mechanisms. Te
secondary suspension utilizes air spring support and is
equipped with antiyaw dampers, lateral hydraulic dampers,
and lateral rubber bumpers.

In this paper, the track structure is appropriately sim-
plifed and simulated by using a single-layer track model. As
shown in Figure 14, the model considers the elastic bending
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Figure 5: Distribution of contact points. (a) Initial stage of reprofled wheel. (b) 40000 km. (c) 100000 km.
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Figure 4: Equivalent conicity of diferent worn wheels. (a) Type 60N rail. (b) Type 60 rail.
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of the rail and treats the rail as a spatial beam model sup-
ported by discrete fexible supports. Te deformation dis-
placements of the left and right rails are independent of each
other; the vertical deformation displacement and the lateral
deformation displacement are independent of each other. A
three-directional spring-damper element is used to simulate

the vertical, lateral, and longitudinal constraint character-
istics of the fastener.

Te vehicle subsystem and the track subsystem are
constructed by using the MATLAB development platform
and coupled by the wheel-rail contact relationship. Te
FASTSIM algorithm [32] is adopted in the paper for the
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Figure 6: Wheel-rail contact geometry parameters. (a) Rolling circle radius diference. (b) Wheel-rail contact angle diference. (c) Contact
position on the wheel profle. (d) Contact point on the rail profle.

W
ea

r d
ep

th
 (m

m
)

0.0

0.1

0.2

0.3

0.4

1 2 3 4 50
Time/year

different rail profile
average value

(a)

W
ea

r d
ep

th
 (m

m
)

0.0

0.1

0.2

0.3

0.4

1 2 3 4 50
Time/year

different rail profile
average value

(b)

Figure 7: Rail wear rate. (a) Measuring point 1. (b) Measuring point 2.
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Figure 8: Measured rail profle deviation (compared with the 60N rail profle). (a) Left rail. (b) Right rail.
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Figure 9: Rail profle and deviation distribution. (a) Diferent rail profles. (b) Rail profle deviation distribution (20mm from the working
edge).
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Figure 10: Distribution of wheel-rail contact points with diferent rail profles. (a) 60N_0.8. (b) 60N_−0.4.
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profle. (b) Contact point on the rail profle.
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Figure 12: Equivalent conicity of the wheel when matched with diferent rail profles. (a) Reprofled wheel. (b) 100,000 km after wheel
reprofling.

h2 bogie

h3

h1

2b2

2b1

y

z

carbody

wheelset

(a)

wheelset

carbody

z

x

2l1

bogie

2l2
braking 
torque

(b)

Figure 13: Te vehicle model. (a) Side view. (b) Front view.

–∞ +∞

Figure 14: Te track model.

8 Shock and Vibration



wheel-rail rolling contact analysis. In this algorithm, the
elliptical contact patch is divided into independent longi-
tudinal parallel strips, each strip is divided into the same
number of elements (as shown in Figure 15), and a chain
solution is performed along the rolling direction from the
front edge of the contact patch.

Te creepage and creep force at the center point of the
element are adopted for the values of each element.Ten, the
stress distribution at the center point is determined as

px x, yi( 􏼁 − px x − dx, yi( 􏼁 �
ξxdx
L1

− yi

ξsp
L3

dx,

py(x, y) − py x − dx, yi( 􏼁 �
ξydx
L2

+
ξsp
2L3

x + ai( 􏼁dx,
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where px is the traction in the x direction, py is the traction
in the y direction, pz is normal pressure, L1, L2, and L3 are
the fexibilities of the simplifed theory, and ai represents the
x-coordinate of the front edge for the ith strip in the
contact patch.

For the tangential stress at each element, the creep forces
are calculated from the front edge to the rear edge of the
contact patch and are solved iteratively. According to
Coulomb’s friction law, it is determined whether the element
belongs to the sliding zone or the adhesive zone. As a result,
the element stress within the contact patch is divided into
two categories.

px
′ � px, py

′ � py,
��������
px

2
+ py

2
􏽱

≤ μpz,

px
′ �

px��������
px

2
+ py

2
􏽱 μpz, py

′ �
py

��������
px

2
+ py

2
􏽱 μpz,

��������
px

2
+ py

2
􏽱

> μpz,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(2)

where μ is the friction coefcient.

3.2. Wear Simulation Process. Wheel-rail wear models can
establish the relationship between the rolling contact pa-
rameters and material wear at the wheel-rail interface. Based
on bench tests, scholars at home and abroad have proposed
various wear prediction models, among which the Archard
model and the Zobory model are more commonly used [33].
Te Archard adhesive wear model has achieved good results
in the simulation of wheel-rail wear of high-speed trains, so
this paper chooses the Archard model to calculate the
material loss of the discrete elements in the sliding zone (as
shown in Figure 16), which is expressed as follows:

Vwear � kw
Nd
H

, (3)

where Vwear (unit: m3) is the material wear volume, d (unit: m)
is the sliding distance, N (unit: N) is the normal force, H
(unit: Gpa) is the material hardness of the softer object in
the two contacting objects, and kw is the wear coefcient.

Jendel [34] gave the relationship between the wear co-
efcient, contact stress, and sliding speed, as shown in Figure
17. According to the variation of sliding speed and contact
pressure, the wear coefcient can be divided into 4 zones:

zone I is the heavy wear area, and the value is
300×10−4∼400×10−4; zone II and IV are light wear areas,
and the wear coefcient ranges from 1× 10−4 to 10×10−4;
zone III is a moderate wear area, and the wear coefcient is
30×10−4∼40×10−4. By changing the wear coefcients in
diferent zones, and comparing the simulation results with
the measured data. After testing, the appropriate wear co-
efcient values in the wear model are k1 = 3.1× 10−3,
k2 = 5.2×10−5, k3 = 3.1× 10−4, and k4 = 5.2×10−5.

According to Kalker’s simplifed theory, the wear depth
of any element in the wheel-rail contact patch sliding area
can be expressed as follows:

△z(x, y) �
kwpzd

H
, (4)

where d denotes the wheel sliding distance within time
increment Δt, which can be obtained as follows:

d �

������

s
2
x + s

2
y

􏽱

Δt �

������

s
2
x + s

2
y

􏽱 dx
vc

, (5)

sx(x, y) � vc ξx − ξspy􏼐 􏼑,

sy(x, y) � vc ξy + ξspy􏼐 􏼑,
(6)

x

y

Sliding zone
Adhesion zone

a

b

-a

-b

dx
dy

Figure 15: Te contact patch.
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where sx and sy (m/s) represent the longitudinal and lateral
sliding speeds, ξx and ξy represent the longitudinal and
lateral creepages, ξsp represents the spin creepage, vc (m/s)
represents the speed of the wheel passing through the
contact patch, and dx (m) represents the length of the
contact patch discretization element.

By substituting equations (5) and (6) into equation (4),
the wear depth can be obtained as follows:

△z(x, y) �
3Nkw
2πabH

�������������

1 −
x

a
􏼒 􏼓

2
−

y

b
􏼒 􏼓

2
􏽳

������

s
2
x + s

2
y

􏽱 dx
vc

. (7)

By using the abovementioned calculation, the wear
depth of each discrete element in the contact patch can be
obtained, and then the wear depth of the sliding zone
discrete elements is superimposed and projected onto the
wheel-rail profle along the wheel rolling direction, which
can obtain the wear depth distribution of the wheel rolling
one circle. Te wheel wear prediction simulation program
includes a vehicle-track dynamics simulationmodule, a wear
depth calculation module based on the wheel wear model,
and a profle update module. Te fow chart is shown in
Figure 18. When calculating the wear depth of a contact
patch, the wear depth calculation module frst divides the
contact patch into n×m elements according to the wheel-
rail creepage and contact geometry, calculates the vertical
wear depth of each element in the contact patch, accumu-
lates along the wheel rolling direction to obtain the vertical
wear depth of the whole contact patch, and then projects it
onto the wheel profle to obtain the wheel profle wear depth.
Since it is difcult for dynamic simulation to update the
wheel profle in real time, it is necessary to set up a profle

update strategy to ensure the accuracy of the results as much
as possible. In this paper, the profle is updated when the
wear depth reaches 0.1mm.

3.3. Model Verifcation. To verify the accuracy of the wheel-
rail wear simulation analysis platform built in this paper, the
simulation results and the actual measurement results of the
high-speed train are compared and analyzed, and the wear
coefcient in the Archard wear model is adjusted according
to the measured results. Te calculation results are shown in
Figure 19, and the analysis shows that the simulated and
measured profles are basically close. After the vehicle runs
40,000 km, the simulated wear depth is 0.19mm, and the
measured data is 0.2mm; after the vehicle runs 80,000 km,
the simulated wear depth is 0.42mm, and the measured data
is 0.40mm, with relative errors of less than 5%.

4. Analysis of Wheelset Wear
Characteristics under Braking Conditions

4.1. Brake Torque. When a train passes through a speed-
limited section in actual operation, it often needs to activate
the braking mode, and diferent braking levels are adopted
according to the actual situation, which means applying
diferent braking torques. In order to investigate the in-
fuence of diferent braking levels on wheel wear, the vehicle
decelerates and runs for 1,000m with diferent braking
torques, and the cumulative mileage is 50,000 km. Tree

adhesion zone
sliding zone

z x

y
n×m element

rolling direction

Δz (x, y) =
ΔVwear

dxdy

Figure 16: Wear depth in the contact patch.
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braking conditions of 2, 3, and 4 kNm per wheelset are
considered and the friction coefcient is 0.3.

Figure 20 displays the distribution of wheel wear and
longitudinal creepage variation under diferent braking
torques. Te wear is distributed within ±20mm of the
nominal rolling circle of the wheel profle, regardless of
the braking torque. However, the wear depth increases
with the increase in braking torque. Specifcally, the wear
depth almost doubles when the braking torque increases
from 2 kN·m to 4 kN·m. When braking, the wheel-rail
longitudinal creep becomes positive, causing the wheel’s
actual forward speed to exceed its pure rolling forward
speed. Te greater the braking torque, the greater the
wheel-rail slip, which leads to increased wheel wear.
Terefore, wear and braking time are in confict. In-
creasing the braking torque can result in greater de-
celeration and a reduction in braking time. However, it
will also result in increased wheel wear, which will worsen
the wheel-rail interaction relationship.

4.2. Friction Coefcient. In order to study the infuence of
diferent rail surface conditions on wheel wear during train
braking, two cases are considered: rail top lubrication on
a straight section and rail side lubrication on a small-radius
curve section. Diferent friction coefcients are set in the
simulation to represent diferent rail surfaces, where the
friction coefcient of a normal rail surface is 0.3 and the
friction coefcient of a lubricated rail surface is 0.1. After the
rail surface is lubricated, the wear coefcient is reduced by
about half [35].

Figure 21 shows the wheel wear distribution and
adhesion-slip distribution under diferent friction co-
efcients on a straight section. It can be seen from the
fgure that lubrication of the rail surface has a greater
efect on wheel wear and the distribution of the stick-slip
zone in the contact patch. Wheel wear depth is reduced by
about 23% and the proportion of sliding areas is increased
by almost 2 times. Overall, although the reduction in the
coefcient of friction causes greater creep, the reduction
in the coefcient of wear has a more obvious efect on
wheel wear.

Figures 22 and 23 show the infuence of rail side lu-
brication on wheel wear on a small-radius curve section,
with a running mileage of 5000 km. Te analysis shows that
the wheel wear on the left and right sides of the small-radius
curve section shows diferentiation, with wheel fange wear
in the range of 20∼40mm on the high rail side and tread
wear in the range of −35∼10mm on the low rail side. Rail
side lubrication has little efect on the low rail side and
mainly afects the wheel fange wear on the high rail side.
Under lubrication conditions, the maximum wear depth can
be reduced from 0.55mm to 0.23mm. Tis is because the
outer side of the small-radius curve section mainly relies on
wheel fange guidance, and rail side lubrication can efec-
tively reduce the vehicle curve passing force, thus efectively
reducing the wheel fange wear.

4.3. Running Speed. Figure 24 shows the infuence of vehicle
running speed on wheel wear. It can be seen from the fgure
that diferent initial braking speeds have little efect on the
wear distribution range, but they mainly afect the wear
depth. When the speed increases from 150 km/h to 350 km/
h, the wear depth increases by 25%.Tis is because under the
infuence of track irregularity, the lateral swing amplitude of
the wheelset will increase when the train runs at a higher
speed, and the tangential force and sliding speed will also
increase accordingly; the wheel-rail relative sliding distance
will also increase further, which undoubtedly aggravates the
wheel wear.

5. Influence of Wheel Wear on Vehicle
Dynamic Behavior

Wheel tread concave wear alters the geometry of the wheel-
rail contact, which afects the vibration characteristics of the
wheel-rail coupling system. Tis section compares and
analyzes the infuence of wheel wear on vehicle dynamic
behavior by selecting the original wheel profle and the
concave worn wheel with a wear depth of 0.5mm. Figure 25
illustrates the changes in wheel-rail dynamic performance
before and after wheel wear. Te fgure illustrates that
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concave wear results in a stronger lateral oscillation of the
wheelset, causing signifcant fuctuations in the wheel-rail
lateral force.

Figures 26 and 27 display the lateral dynamic response
and comfort index of the vehicle before and after wheel wear.
Te fgures indicate that the wheel concave wear leads to
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unfavorable wheel-rail contact geometry characteristics,
which in turn increases the lateral oscillation of the car body
and bogie. Spectrum analysis reveals a signifcant increase in
the 4–8Hz component in the vehicle’s lateral dynamic re-
sponse, which can seriously afect passenger comfort. To
optimize the wheel-rail contact geometry, it is necessary to
formulate a wheel reprofle plan based on the wheel’s service
status during actual operation.

6. Conclusion

Tis paper carried out a long-term monitoring and data
analysis of the wheel and rail profles on the operating line,
then established a wheel wear simulation model based on the
wheel-rail interaction and Archard material wear mecha-
nism, and calibrated the model using actual measured data.
Finally, based on the simulation model, the wheel wear
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evolution under braking conditions and its impact on ve-
hicle dynamic performance were analyzed. Te analysis
results show the following:

(1) During operation, the wheel mainly undergoes tread
concave wear within ±20mm of the rolling circle. As
the running mileage increases, the wear range and
depth gradually increase. Te average wear depth of
the wheel is roughly linear with the operating
mileage, and the wear rate is about 0.05mm/
10,000 km. Te rail mainly undergoes top surface
wear, and the average natural wear rate is about
0.09mm/year.

(2) Te lateral displacement of the wheelset causes
a zoning phenomenon in the distribution of contact
points and a sudden change in contact geometry
parameters for the concave worn profle. When
compared with the standard 60 rail profle, the
equivalent conicity of the wheel linearly increases
with operational mileage. However, when matched
with the 60N rail profle, the wheel’s equivalent
conicity initially increases and then stabilizes with
operational mileage.

(3) Increasing the braking torque from 2 kN·m to
4 kN·m results in nearly twice the wear depth. On
straight sections, decreasing the wheel-rail friction
coefcient from 0.3 to 0.1 reduces the wear depth by
about 23%. On small-radius curve sections, the wheel
on the high rail side experiences fange wear, while
the wheel on the low rail side experiences tread wear.
Te use of rail side lubrication reduces the depth of
fange wear by approximately 60%.

(4) Concave wear on the wheels leads to unfavorable
wheel-rail contact geometry, which increases the
lateral oscillation of the car body and bogie. Spec-
trum analysis reveals a signifcant increase in the
4∼8Hz component in the vehicle’s lateral dynamic
response.
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