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In view of the coexistence of wheel profile wear (WPW) and wheel diameter difference (WDD) on an actual subway line, a
dynamic analysis method based on coupling between WPW and equivalent in-phase WDD was proposed. Based on the
measurements from a subway vehicle in operation on this line, dynamics modeling and calculations were performed for a single
carriage of this vehicle. Later, the interaction between the effects of WPW and equivalent in-phase WDD on the vehicle dynamic
performance was analyzed, and the dynamic response in the presence of coupled damage was compared between the outer and
inner wheels. Furthermore, the difference in the dynamic response caused by different positions of the larger-diameter wheels (i.e.,
on the inner track or outer track) was analyzed for the case where equivalent in-phase WDD occurred between the front and rear
bogies. *e results show that when the vehicle ran on a straight line, the coupling between WPW andWDD reduced the vehicle’s
stability but improved its ride comfort. When the vehicle traveled on a curved line, it showed reductions in the lateral wheel/rail
contact force, derailment coefficient, axle lateral force, and wear index if the outer wheels had a larger diameter. As a result, the
deterioration of the vehicle’s dynamic performance due to the increasing degree of WPW slowed down, and its curve negotiation
performance improved. Meanwhile, the outer wheels had significantly greater lateral wheel/rail contact force, derailment co-
efficient, and wear index compared to the inner wheels.When a −1mmWDDwas coupled with the worn wheel profile for 14×104

kilometers traveled, the dynamic performance indexes of the vehicle were close to or even exceeded the corresponding safety
limits. *e findings can provide technical support for subway vehicle maintenance.

1. Introduction

During subway operation, longitudinal and lateral wheel/rail
forces will arise from traction and braking, as well as the
centrifugal effect in the process of curve negotiation,
resulting in various types of damage to wheels and rails.
Moreover, due to growing subway traffic flow and train
speed, frequent starting and braking, and the increasing
number of small-radius curved lines, wheels are suffering
increasingly severe damage. In particular, wheels are often
subject to more diverse, complex damage rather than one
damage type. *e major types of wheel damage include
wheel profile wear (WPW), wheel diameter difference
(WDD), and tread peeling. WPW and WDD usually coexist

as the most common coupled damage, which is difficult to
solve, imposes high repair cost, and has a significant impact
on the safety and comfort of subway vehicles. *erefore,
studying the influence of WPW coupled with WDD on
subway vehicle dynamics has practical significance.

For a subway vehicle in operation, its wheels are inev-
itably subject to tread and flange wear caused by wheel/rail
contact and braking, resulting in changes in wheel profiles.
As the distance traveled increases, the degree of wear tends
to increase and wheel profiles tend to vary.

A great deal of research has investigated the influence of
WPW on vehicle dynamics by theoretical, simulation, or
experimental approaches. Cui et al. studied the influences of
different wear forms on vehicle dynamics by field test
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combined with simulations and analysis and found that the
false flange created by wheel wear would endanger the
operational safety of the vehicle [1]. Lu et al. created a
dynamic model for a Type B metro vehicle with Universal
Mechanism (UM), a software package for simulation of
multibody system dynamics, and analyzed the influence of
wheel wear on vehicle dynamic performance and the
characteristics of wheel/rail contact damage [2]. Yao et al.
studied the effects of wheel wear on the dynamics perfor-
mance of a high-speed train and suggested that the vehicle
system’s transverse stability index linearly decreased as the
depth of wheel wear increased [3]. S. Pradhan et al. [4]
investigated the influences of various stages of wheel wear on
the dynamic responses such as curving performance and
then evaluated the critical speed and ride comfort of the
railway vehicle on the simulated test track to justify the
maintenance schedule. Sun et al. simulated the multipoint
contact and non-Hertzian contact between worn wheel and
rail using a modified Kik-Piotrowski method. *e wheel/rail
normal vertical force, wheel/rail creep force, and contact
patch shape predicted with this method are in good
agreement with the results of contact calculation [5]. By
measuring tread and rail profiles, Zong et al. analyzed the
impact of equivalent conicity on the nonlinear critical speed
of metro vehicles [6]. Shi et al. experimentally tested the
dynamic performance of a high-speed train running at
300 km/h and revealed that the vibration of axle box, frame,
and car body tended to intensify gradually with increasing
wheel wear [7]. Using a vehicle-turnout coupling dynamic
model, Xiao et al. analyzed the dynamic response of a high-
speed train with wheel wear when it passed a turnout. *ey
found that wheel-rail wear caused an increase in wheel/rail
vertical force and a decline in wheel/rail transverse force [8].
Xu et al. studied the influence of the increase in wheel wear
on vehicle dynamics through simulation with SIMPACK,
with wheel/rail contact being considered as the entry point.
*e results showed a marked decreasing trend in the ve-
hicle’s critical speed [9]. Xie et al. found that as the speed
increased, the influence of wheel harmonic wear on vehicle
stability became increasingly significant [10]. *e stochastic
model for vehicle-track systems provided by Xu and Zhai
enables good analysis of dynamic response and reliability of
a vehicle-track system in the presence of varying wheel wear
and stochastic track irregularity [11]. Liu and Bruni inves-
tigated the influence of individual wheel profiles measured
on a rail vehicle on the vehicle’s dynamics in the context of
multibody (MB) simulations [12].

In terms of the effect of WDD on dynamic performance,
Lyu et al. showed that when the initial WDD was large,
cracks and localized wear occurred soon and always on
wheelsets with smaller diameters, and they can deteriorate
the dynamic performance of vehicles [13]. Sun et al. analyzed
the influence of WDD on the stability, safety, and comfort of
a vehicle traveling along a bridge by simulation and sug-
gested that WDD should be strictly controlled for high-
speed trains [14]. Jiang et al. constructed a nonlinear dy-
namic model for a metro vehicle and then calculated the
critical speed, stability, safety, and wear power of the vehicle
for different WDDs. *e results showed that with the

increase in coaxial WDD, the critical speed decreased
sharply while the lateral stability and wear power increased
significantly [15]. Yan et al. studied the influence of front-
axle WDD, rear-axle WDD, equivalent in-phase WDD, and
equivalent antiphase WDD on the safety of a locomotive
duringmotion on straight line and curved line [16]. Based on
a high-speed train and 12# turnout of a passenger dedicated
line in China, Chen et al. developed a vehicle-turnout dy-
namic model and systematically analyzed the stability,
safety, and ride comfort of a high-speed vehicle passing
through a turnout for different types and magnitudes of
WDD. *ey suggested that the operational limits for in-
phase and antiphase WDDs be set at 2mm and 3mm, re-
spectively and the limit for coaxial WDD above which
primary and secondary maintenance is needed be set at
1.5mm [17]. Based on an analysis of the types of WDD, Ma
et al. discussed the influence of WDD on the stress state and
movement of wheelsets [18]. He et al. suggested that WDD
can lead to a significant increase in lateral wheel/rail contact
force for a locomotive running on a straight line [19]. Wang
et al. found that the yaw angle of wheelset, lateral dis-
placement, wear power, and creep force of wheelset sharply
increased with greater WDD [20]. Liu et al. analyzed the
influence of coaxial WDD on a locomotive’s dynamic
performance. *e results revealed that the coaxial WDD
changed the position of wheel-rail contact and increased the
equivalent stress of the rail, which could impair the loco-
motive’s dynamic performance [21]. Based on an electric
locomotive equipped with three-axle bogies, Zhang et al.
investigated the influence of WDD at different axles on
locomotive dynamic performance. *e results showed that
both derailment coefficient and wheel unloading rate in-
creased with increasing WDD at the first axle and decreased
with increasing WDD at the other two axles [22]. By ana-
lyzing the forces acting on a bogie with WDD, Chi et al.
theoretically inferred that the existence ofWDD changed the
balance position of the wheelset center and thereby changed
the wheel/rail contact relationship and affected the vehicle
system’s stability [23].

*ese researchers have looked at the influence of WPW
orWDD on vehicle dynamics from various perspectives and
offered insights into how to solve relevant dynamic per-
formance problems. Research related to WPW focused
mainly on how wear depth, harmonic wear, and crater wear
affect vehicle dynamic performance, and research related to
WDD emphasized the effect of the type and range of WDD.

However, most of these studies only considered the
influence of a single type of wheel damage on vehicle dy-
namics, neglecting the coexistence of multiple damage types
and the interaction between the effects of different damage
types on vehicle dynamics. *e present study analyzed the
data on wheel damage measured on a specific subway line
and found that WPW and equivalent in-phase WDD are the
main types of wheel damage in vehicles running on this line.
So, WPW and equivalent in-phase WDD were considered
together to further analyze the influence of coupled wheel
damage on vehicle dynamic performance.

Moreover, the existing research only considered front
bogie, neglecting a real situation where both front and rear
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bogies have WDD. So, the present study considered the
occurrence of equivalent in-phase WDD at the front and
rear bogies and then analyzed the difference in dynamic
response caused by different positions of the larger-diameter
wheels, i.e., on the inner track or outer track.

Additionally, in vehicle dynamics modeling, these re-
searchers only considered wheel damage in a single wheelset
and set other wheelsets as standard ones. *is cannot ac-
curately reflect the actual characteristics of wheel damage.
*e present study not only considered the characteristics of
damage in all wheels based on measured data but also
compared the dynamic responses of the inner and outer
wheels.

2. Analysis of Measured Wheel Data

A subway vehicle operating on a subway line has been
tracked in this study.*is vehicle consists of 6 carriages, each
having 8 wheels. *e profiles and diameters of these 48
wheels have been measured since the beginning of the ve-
hicle’s operation. *e wheel profile and diameter data were
collected when the distance traveled reached 5×104, 8×104

and 14×104 km.

2.1. Measured Wheel Profiles. Wheel/rail contact can be
divided into three regions, as shown in Figure 1. Region A is
the contact region between wheel tread and railhead. Wheel/
rail contact in this region usually occurs when a vehicle
travels on a straight line or a large-radius curve. Region B is
the region of contact between wheel flange and track corner,
which often occurs when a vehicle runs on a small-radius
curve. In region C, wheel/rail contact is highly unlikely to
occur.

*e profiles of the subway vehicle’s wheels were tracked
and analyzed. It was found that wheel wear was located
largely in region A, as shown in Figure 1. *e wear in this
region is called tread wear.*e test vehicle in this study has 6
carriages, and 1 carriage was selected for dynamic modeling
to allow formore time-efficient simulations and calculations.
An analysis of the measurements found that the differences
in maximum tread wear depth between the 6 carriages were
about 10%, and the worst wheel wear occurred in the No. 2
carriage. So, No. 2 carriage was selected for dynamics
modeling. *e measured profile of this carriage’s 8 wheels
was used for its dynamics model in order to allow the results
to reflect its actual status.

Figure 2 illustrates the maximum tread wear depths in
the 8 wheels measured when the distance traveled reached
5×104, 8×104, and 14×104 km. *e left wheels were
numbered 1, 3, 5, and 7, and the right ones were numbered 2,
4, 6, and 8.

In order to reduce cuspidal points on tread profile and
prevent accumulation of errors during curve fitting, a data
processor based on cubic spline interpolation algorithm was
compiled in MATLAB software to smooth the wheel tread
data [24]. *e computational formula is

y(x) � f(x) + ε(x), x ∈ [a, b], (1)

where f(x) is the cubic spline smooth curve, ε(x) is the
random error, y(x) is the experimental data, and [a, b] is the
range of abscissa of the wheel profile.

*en, the 8 wheels’ profiles for 5×104, 8×104, and
14×104 km traveled shown in Figure 3 were used for sub-
sequent modeling.

2.2. Analysis of the WDD Data. For a subway vehicle, the
degree of wear varies between wheels due to the complex,
variable conditions during actual operation. Figure 4
shows the four types of WDD for two-axle bogies, with
“v” at the top indicating the direction of vehicle move-
ment. *ey are as follows: (I) front WDD (the left and
right wheels on the front axle have different diameters),
(II) rear WDD (the left and right wheels on the rear axle
have different diameters), (III) equivalent in-phase WDD
(the smaller-diameter wheels on the front and rear axles
are on the same side), and (IV) equivalent antiphase WDD
(the smaller-diameter wheels on the front and rear axles
are on opposite sides) [25]. According to the literature

Region B
Region A Region C

Figure 1: Wheel/rail contact regions.
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Figure 2: Measured tread wear depths.
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Figure 3: Continued.
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[26–27], of the four types of WDD, equivalent in-phase
WDD has the greatest influence on the curve negotiation
performance of vehicles.

*e diameters of wheels of a subway vehicle were
tracked. *is wheel diameter measuring instrument is used
for measuring the diameter of a wheel’s rolling circle. It
works by three-point indirect measurement and shows
readings on amechanical indicator, which allows users to get
diameter reading directly. It is characterized by small
measurement error, high indication stability, low weight,
and ease of use.

An analysis of the measured diameter data reveals that
there was equivalent in-phase WDD between the front and
rear bogies of each carriage after a long-term operation on
the same line. In other words, the smaller-diameter wheels of
the front and rear bogies were on the same side, as illustrated
in Figure 5. For this reason, equivalent in-phase WDD was
applied to modeling to study its effect on vehicle dynamic
performance.

WDD refers to the difference between the nominal
rolling radii of the left and right wheels. A wheelset’s di-
ameter difference is defined by

ΔD � Douter − Dinner, (2)

where Dinner is the diameter of the wheel on the inner track
(inner wheel); Douter is the diameter of the wheel on the outer
track (outer wheel); and ΔD< 0 indicates that the inner
wheel diameter is greater than that of the outer wheel
diameter.

According to a relevant regulation of China, a wheelset
needs to be repaired when its coaxial diameter difference
reaches 1mm. Given the possibility of machining error, the
technical specification for wheelset assembly allowsWDD of
less than 0.3mm [28]. Table 1 provides the values of
equivalent in-phase WDD set in this study.

3. Dynamics Models for the Vehicle-
Track System

3.1. VehicleDynamicsModel. A vehicle dynamics model was
constructed based on the parameters of the Type B vehicle
tracked. It consists primarily of 1 vehicle body, 2 frames, 4
wheelsets, 8 axle boxes, and primary and secondary sus-
pension systems.*e vehicle body, frames, and wheelsets are
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Figure 3: Measured wheel profiles. (a) First-axle wheel profiles. (b) Second-axle wheel profiles. (c)*ird-axle wheel profiles. (d) Fourth-axle
wheel profiles.
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Figure 4: Types of WDD: (a) front WDD, (b) rear WDD, (c) equivalent in-phase WDD, and (d) equivalent antiphase WDD.
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all treated as rigid bodies, and each has six degrees of
freedom (DOFs), including surging, swaying, heaving,
rolling, pitching, and yawing.*ewhole vehicle has 50 DOFs
in total. *e dynamic equation of motion for the vehicle is as
follows [29]:

M €X + C _X + KX � P, (3)

whereM, C, andK are the mass matrix, dampingmatrix, and
stiffness matrix, respectively, for the vehicle system; X is the
generalized displacement; and P is the generalized load.

*e vehicle dynamics model is shown in Figure 6, and
the main parameters of the vehicle are presented in Table 2
[30].

*e track was simulated with standard UIC60 rail and
German high-speed spectrum was applied for track ex-
citation. *e subway line was simulated with two line
types: straight line and curved line, with each being
1000m long in total. *e curved line is C-shaped and
composed of five parts, which are a straight segment, a
transition curve, a circular curve, a transition curve, and a
straight segment in sequence. *e circular curve has a
radius of 300m. *e composition is shown in Table 3.
Moreover, the curved line was set as a right-turning line.
Along the direction of vehicle movement, the left wheels
were designated as the outer wheels and the right wheels
as the inner wheels. If its direction was changed to left-
turning because the wheel diameter difference changes
symmetrically from −1mm to 1mm, the dynamic per-
formance change rule is the same, and only the inner
wheel and outer wheel are exchanged.

Based on the actual operational characteristics of the test
line, variable velocity was set for the vehicle to simulate its
acceleration, coasting, and deceleration, and the maximum
velocity was set at 65 km/h.*en, the functional relationship
between vehicle velocity v and distance traveled s is obtained:

v(s) �
−2.76 × 10− 4

s
2

+ 0.276s, (0< s≤ 360; 630< s≤ 1000),

65, (360< s≤ 630).

⎧⎨

⎩

(4)

*e piecewise velocity function v(s) above can be used to
simulate the process of velocity change as the initially static
vehicle starts by traction, then coasts, and finally brakes to
stop along a 1000m curved line.

Hertz’s theory is used for solving normal contact
problems, and Kalker’s simplified theory and the corre-
sponding FASTSIM algorithm are applied to calculate the
distribution and magnitude of the tangential creep forces
within the contact patch.

3.2. Model of Coupling between WPW and WDD. During
modeling of vehicle dynamics, the wheel wear datameasured
when the distance traveled reached 5×104, 8×104, and
14×104 km were imported into the wheel profile database to
obtain worn wheel profiles, which are represented by S1, S2,
and S3, respectively (Table 4). *en, worn wheel profile
models were constructed by applying the profile data shown
in Figure 3 to the eight wheels of each carriage.

Figure 5: Equivalent in-phase WDD between the front and rear bogies.

Table 1: Wheel diameter difference setting.

Condition Left wheel (outer) diameter (mm) Right wheel (inner) diameter (mm) WDD (mm)
1 839 840 −1
2 839.2 840 −0.8
3 839.5 840 −0.5
4 839.8 840 −0.2
5 840 840 0
6 840 839.8 0.2
7 840 839.5 0.5
8 840 839.2 0.8
9 840 839 1

Figure 6: Vehicle dynamics model.
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Later, the WDD model was built by setting wheel di-
ameters using the Geometry module in SIMPACK. In ac-
cordance with Table 1, the WDD was set at 9 values,
including −1mm, −0.8mm, −0.5mm, −0.2mm, 0mm,
0.2mm, 0.5mm, 0.8mm, and 1mm.

After that, the coupling between WPW and WDD was
modeled by applying the diameter values to corresponding
worn wheel profiles in the vehicle dynamics model.

3.3.Validationof theVehicleDynamicsModel. Ride comfort
is an important factor considered in assessing the
comfort of vehicles. Ride comfort index and vibration
acceleration are widely adopted to evaluate the dynamic
performance of vehicles around the world [31]. *e ride
comfort index of a vehicle, W, can be calculated as
follows [32].

W � 0.896

�������

a
3

f
F(f)

10



, (5)

where a is the vibration acceleration (cm/s2); fis the fre-
quency of vibration (Hz); and F(f) is the correction factor
related to f.

After the vehicle dynamics model was constructed based
on the parameters of the actual vehicle and the line status,
the vertical acceleration and ride comfort index of the model
were calculated. *e results were then compared with the
measured data to verify the reliability of the model so as to
ensure accurate results of the subsequent simulation.

A vibration test was conducted on the studied vehicle,
and the test data were collected with COINV DASP, a
software package developed by the China Orient Institute of
Noise and Vibration. In accordance with the Railway ve-
hicles, specification for evaluation of the dynamic perfor-
mance and accreditation test (GB5599-1985), an
accelerometer was mounted on the floor to the left of the
front bogie (1m from the bogie pivot center) to measure the
vehicle’s acceleration and the sampling frequency was
1024Hz. *e acceleration data obtained are plotted in
Figure 7.

*e simulated acceleration was compared with the
measured acceleration and then the ride comfort index was
calculated from the simulated and measured data using
equation (5).

As can be seen in Table 5, the maximum peak vertical
acceleration obtained by simulation is slightly smaller than
the measured value. *e reason is that some parts of the
vehicle’s structure were simplified in modeling. However,
the amplitudes of the simulated and measured values varied
in similar ways. *e simulated time of the maximum peak is
quite close to the measured value, suggesting the high re-
liability of the vehicle dynamics model proposed in the
paper.

4. Influence ofWPWCoupledwithWDDon the
Dynamic Performance of a Vehicle
Running on a Straight Line

*ree worn wheel profiles for 5 ×104, 8 ×104, and
14 ×104 km traveled (see Figure 3 and Table 4) and nine
WDDs between −1mm and +1mm (Table 1) were set
based on the measured data from the test vehicle. Later,

Table 2: Main parameters of the vehicle.

Parameter Value Unit
Vehicle body mass 33859 kg
Vehicle body’s moment of inertia in roll 73105 kg·m2

Vehicle body’s moment of inertia in pitch 1157173 kg·m2

Vehicle body’s moment of inertia in yaw 1171980 kg·m2

Frame mass 2103 kg
Frame’s moment of inertia in roll 1333 kg·m2

Frame’s moment of inertia in pitch 864 kg·m2

Frame’s moment of inertia in yaw 2131 kg·m2

Wheelset mass 1018 kg
Wheelset’s moment of inertia in roll 546.7 kg·m2

Wheelset’s moment of inertia in pitch 75 kg·m2

Wheelset’s moment of inertia in yaw 546.7 kg·m2

Primary suspension system’s vertical stiffness 1.3 MN/m
Primary suspension system’s vertical damping coefficient 1840 N.s/m
Secondary suspension system’s vertical damping coefficient 25 (0.15m/s) kN·s/m
Secondary suspension system’s lateral damping coefficient 58 (0.1m/s) kN·s/m

Table 3: C-shaped line composition.

Number Line type Length (m)
1 Straight line 245
2 Transition curve 55
3 R300 circular curve 400
4 Transition curve 55
5 Straight line 245

Table 4: Worn wheel profiles for different distances traveled.

Distance traveled 5×104 km 8×104 km 14×104 km
Worn wheel profile S1 S2 S3

Shock and Vibration 7



the vehicle dynamics model shown in Figure 6 was used to
calculate and analyze the influence of WPW coupled with
equivalent in-phase WDD on the stability and ride
comfort of the vehicle.

4.1. Hunting Stability. Hunting stability is an extremely
important aspect of vehicle dynamic performance. Critical
speed is the most direct indicator for hunting stability as-
sessment. When a vehicle runs at a normal speed, it is
necessary to ensure the overall stability of the vehicle system
and protect it from instability; otherwise, the vehicle will
snake heavily, thus affecting its operational quality and
safety.

In this paper, the critical speed was calculated using the
acceleration reductionmethod. At first, sinusoidal excitation
was applied to rails on the straight line and a force was
exerted on the vehicle body (*e magnitude is half the
weight of the vehicle body and in the opposite direction of
the vehicle movement). *en, the vehicle started to move
and its equilibrium position during vibration was observed.
*e vehicle velocity at this position was defined as the critical
speed. As shown in Figure 8, the equilibrium point in
condition S1 occurred at 171 km/h, so the critical speed was
171 km/h.

Figure 9 illustrates the critical speed for different degrees
of WPW coupled with different WDDs. *e following are
shown in Figure 9:

(1) It is clear from the figure that for a given WDD,
increasing the degree of WPW gradually reduced the
critical speed and thereby the vehicle stability. When
theWDDwas −1, −0.8, −0.5, −0.2, 0, 0.2, 0.5, 0.8, and
1mm, the critical speed for worn wheel profile S3
decreased by 32.3%, 30.3%, 35.1%, 33.7%, 33.3%,
32.9%, 31.5%, 33.8%, and 36.3%, respectively,
compared with that for S1. *e rate of decrease
differs slightly between different WDDs.

(2) For a given worn wheel profile, the critical speed in
the presence of WDD was lower that in the absence
of WDD. Besides, as the absolute value of WDD
increased, the critical speed tended to decline and
had a roughly symmetric distribution. *is trend is
most marked for S1, where the critical speed for a
−1mmWDD ((Dinner >Douter)) decreased by 47 km/
h compared to the critical speed for a 0 WDD. In
condition S3, when WDD was −1, −0.8, 0.8, and
1mm, the vehicle’s critical speed was 86, 92, 96, and
91 km/h, respectively, which are all below the
maximum allowable speed for running along the
studied line, 100 km/h. *e actual maximum speed
of a vehicle running on a straight line is restricted by
its critical speed. If the actual speed exceeds the four
critical levels, it will snake heavily and lose lateral
stability, leading to passenger discomfort and even
derailment in a worse-case scenario.

(3) Whether the larger-diameter wheels are on the inner
side or outer side has little influence on the critical
speed. As the WDD changed, the critical speed had
an approximately symmetrical distribution.

*e analysis above demonstrates that the critical speed
tended to decline with increasing WDD and WPW. *is is
primarily because the presence of WDD caused the rolling
wheelsets to deviate from the centerline of the track and
thereby increased wheelsets’ lateral displacement and angle
of offset. Consequently, the geometry of wheel/rail contact
was altered and the critical speed declined. Meanwhile, as the
equivalent conicity increased with the increasing degree of
WPW, the nonlinear critical speed of the vehicle gradually
declined.

4.2. Vehicle Ride Comfort. *e operational performance of
trains is commonly measured by the ride comfort index,
which can be graded in accordance with Table 6.

Figure 10 demonstrates the influence of different
degrees of WPW coupled with different WDDs on the
vehicle’s ride comfort. Figures 10(a) and 10(b) illustrate
the lateral ride comfort index and vertical ride comfort
index, respectively.

(1) For a given WDD, the ride comfort index tended to
increase with increasing the degree of WPW in both
the vertical and lateral directions. When the WDD
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Figure 7: Comparison of vertical acceleration.

Table 5: Comparison of simulated and measured data.

Acceleration
value

Measured
value A (s)

Simulated
value B (s)

Rate of change
100x(A − B)/A

(%)
Maximum peak
vertical
acceleration
(m/s2)

2.13 1.71 19.72

−2.03 −1.52 25

Time of the
maximum peak

63.443 s
(2.13m/s2)

62.164 s
(1.71m/s2) 2.02

63.441 s
(−2.03m/

s2)

62.168 s
(−1.52m/s2) 2.01

Ride comfort
index 2.2107 2.1659 2.03
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was −1, −0.8, −0.5, −0.2, 0, 0.2, 0.5, 0.8, and 1mm, the
lateral ride comfort index for worn wheel profile S3
increased 18.5%, 19%, 19.1%, 21.1%, 23%, 20.8%,
17.2%, 16.9%, and 15.9%, respectively, compared to
that for S1. *e corresponding increases in the
vertical ride comfort index were 25.9%, 27.3%,
30.5%, 38.2%, 45.1%, 41.5%, 39.9%, 38.3%, and

30.6%, greater than the increases in the lateral ride
comfort index. Moreover, as the absolute value of
WDD increased, the increase in the ride comfort
index caused by profile change tended to decline
slightly.*is indicates that the presence of WDD can
inhibit the negative effect of profile change on the
ride comfort index to some extent.

(2) Figure 11 illustrates how the vibration acceleration
varied with the degree of WPW when the WDD was
0. It was found that the vertical and lateral accel-
erations increased with greater WPW, which is
consistent with the trend in the ride comfort index
described in (1).

(3) For a given worn wheel profile, as the absolute value
of WDD increased, the lateral and vertical ride
comfort indexes declined compared to those for 0
WDD, and their distributions are approximately
symmetric. An inference is that a proper WDD can
help improve the ride comfort of vehicles. In ad-
dition, the approximately symmetric distribution
suggests that whether the larger-diameter wheels are
on the inner side or outer side has little effect on the
ride comfort index.

As the degree of WPW increased, the amplitudes of
vertical and lateral accelerations expanded, increasing the
ride comfort index. In the presence of WDD, the creep
forces on the left and right wheels caused the wheelsets to
yaw clockwise, resulting in lateral displacement of
wheelsets. When equivalent in-phase WDD occurred
between the front and rear wheelsets of a bogie, the front
and rear wheelsets would move towards the same side,
which will not cause a significant deflection of the bogie.
*erefore, a very small angle of offset between the front
and rear wheelsets will help improve the ride comfort of
the vehicle system [33].
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Table 6: Vehicle ride comfort index and grading.

Grade Rating
Ride comfort index

Carriage Locomotive Freight car
1 Excellent <2.5 <2.75 <3.5
2 Good 2.5∼2.75 2.75∼3.10 3.5∼4.0
3 Fair 2.75∼3.0 3.1∼4.0 4.0∼4.25
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5. Influence ofWPWCoupledwithWDDon the
Vehicle’s Curve Negotiation Performance

*ree worn wheel profiles for 5×104, 8×104, and
14×104 km traveled (denoted as S1, S2, and S3) and nine
WDDs between −1mm and +1mm (Table 1) were set based
on the measured data from the test vehicle, the same as in
Section 4. *en, the vehicle dynamics model shown in
Figure 6 was used to calculate and analyze the influence of
WPW coupled with equivalent in-phase WDD on lateral
wheel/rail contact force, derailment coefficient, axle lateral
force, and wear index.

5.1. Wheel/Rail Lateral Force. Figure 12 shows the lateral
wheel/rail contact force for different degrees of WPW
coupled with different WDDs.

*e following are shown in Figure 12:

(1) For a given WDD, the peak lateral wheel/rail contact
force increased as the degree of WPW increased (i.e.,
as the wheel profile changed from S1 to S2 and then
to S3). *is increase was especially noticeable on
outer wheels, where the lateral wheel/rail contact
force was 1.67 times greater than that on inner
wheels. Table 7 shows the increase in peak lateral
wheel/rail contact force on outer wheels due to
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Figure 10: Ride comfort index. (a) Lateral ride comfort index. (b) Vertical ride comfort index.
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profile change from S1 to S3 for different WDD (−1,
−0.8, −0.5, −0.2, 0, 0.2, 0.5, 0.8, and 1mm).

(2) For different worn wheel profiles, the lateral wheel/
rail contact force was relatively small when outer
wheels had larger diameters than inner wheels’
(WDD > 0). As can be seen in Table 7, the increase
in lateral wheel/rail contact force for zero WDD
was higher than those for nonzero WDD. *is
suggests that the presence of WDD reduced the
peak lateral wheel/rail contact force and sup-
pressed its increase due to profile change to some
extent.

(3) When the larger-diameter wheels were on the
inner side (i.e., WDD < 0), the lateral wheel/rail
contact force was relatively larger. When a -1 mm
WDD was coupled with profile S3, the peak lateral
wheel/rail contact force on the outer wheels
reached up to 38.74 kN, close to the safety limit of
41.29 KN.

After wheels began to wear, highly nonlinear contact
occurred between wheel and rail and wheel/rail interac-
tion deteriorated, significantly increasing the amplitude of
the wheel/rail lateral force. As the presence of WDD
caused lateral movement of the wheelset, the lateral
creepage between wheel and rail tended to increase. When
the larger-diameter wheels were on the inner side, the
lateral creep was in the same direction as the centrifugal
force. When the larger-diameter wheels were on the outer
side, the lateral creep was in the opposite direction of the
centrifugal force, thereby reducing the wheel/rail lateral
force.

5.2. Derailment Coefficient. Figure 13 shows the derailment
coefficient for different degrees of WPW coupled with
different WDDs.

*e following can be seen from Figure 13:

(1) For a given WDD, the derailment coefficient of both
the left and right wheels increased with the in-
creasing degree of WPW, and this trend was more
marked for the outer wheel (left wheel). *e in-
creases in derailment coefficient due to profile
change from S1 to S3 for different WDDs (−1, −0.8,
−0.5, −0.2, 0, 0.2, 0.5, 0.8, and 1mm) are presented in
Table 8. It is clear that the increase in derailment
coefficient grew sharply when the WDD reached
0.8mm and 1mm.

(2) When the larger-diameter wheels were on the outer
side (i.e., WDD> 0), the derailment coefficient was
relatively low, indicating that the vehicle’s stability
against derailment can be improved by positioning
larger-diameter wheels on the outer side. When the
larger-diameter wheels were on the inner side (i.e.,
WDD< 0), the derailment coefficient was relatively
high. When a −1mm WDD was coupled with the
worn wheel profile S3, the peak derailment coeffi-
cient was 0.84, higher than the safety limit of 0.8.

(3) *e derailment coefficient of outer wheels (left
wheels) was higher, and its peak value was 1.91 times
greater than inner wheels.

*e variation pattern of derailment coefficient is
similar to that of wheel/rail lateral force. *is is because
WPW and WDD have a greater effect on wheel/rail lateral
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Figure 12: Lateral wheel/rail contact force. (a) Inner wheel (right wheel). (b) Outer wheel (left wheel).

Table 7: Increase in peak lateral wheel/rail contact force on outer wheels due to profile change from S1 to S3.

WDD −1 (%) −0.8 (%) −0.5 (%) −0.2 (%) 0 (%) 0.2 (%) 0.5 (%) 0.8 (%) 1 (%)
Increase 26.4 22.4 23.6 49.5 52.7 43.5 23.3 30.1 41.8
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force than on wheel/rail vertical force, and derailment
coefficient is the ratio of wheel/rail lateral force to wheel/
rail vertical force.

5.3. Axle Lateral Force. Figure 14 depicts the axle lateral
force for different degrees of WPW coupled with different
WDDs. As shown in the figure,

(1) For a given WDD, with the increase in the degree of
WPW, the axle lateral force increased at a growing
rate. *e increases in axle lateral force due to profile
change from S1 to S3 for different WDDs (−1, −0.8,
−0.5, −0.2, 0, 0.2, 0.5, 0.8, and 1mm) are presented in
Table 9.

(2) It is clear from Figure 14 and Table 9 that as the
WDD changed from -1mm to 1mm (i.e., as the
difference between outer wheel diameter and inner
wheel diameter increased), the magnitude and
growth rate of axle lateral force declined at a de-
creasing rate.*is suggests that when the outer wheel
diameter was larger than the inner wheel diameter,
the growth in axle lateral force due to increased
profile wear was slowed down to some degree. If
inner wheels had a greater diameter, the growth in
axle lateral force would speed up.

(3) When a −1mmWDD was coupled with worn wheel
profile S3, the peak axle lateral force reached
37.51 kN, which approaches the safety limit of
37.75 kN. *is suggests that the vehicle exerted
relatively large lateral forces on the tracks in this case,
which could cause lateral track movement and even
derailment.

Axle lateral force is mainly affected by the wheel/rail
lateral force and also related to the force transferred from the
bogie to the axle. *e analysis results show that the variation
law of axle lateral force is similar to that of wheel/rail lateral
force.

5.4. Wear Index. Elkins’s wear index is calculated by sum-
ming the scalar products of creep force and creepage on all
contact patches.

Figure 15 depicts the wear index for different degrees of
WPW coupled with different WDDs.

*e following can be seen from Figure 15:
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Figure 13: Derailment coefficient. (a) Inner wheel (right wheel). (b) Outer wheel (left wheel).

Table 8: Increase in peak derailment coefficient of outer wheels due to profile change from S1 to S3.

WDD −1 (%) −0.8 (%) −0.5 (%) −0.2 (%) 0 (%) 0.2 (%) 0.5 (%) 0.8 (%) 1 (%)
Increase 86.3 86.6 87.4 87.8 91 76.7 89.7 109.1 125.2
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(1) *e wear index of both the left and right wheels
increased with increasing degree of WPW.*e outer
(left) wheels had a greater wear index, and the peak
wear index was about 1.99 times that of the inner
wheels. Table 10 shows the increase in wear index of
the outer wheels due to profile change from S1 to S3
for different WDDs (−1, −0.8, −0.5, −0.2, 0, 0.2, 0.5,
0.8, and 1mm).

(2) When the larger-diameter wheels were on the outer
side (i.e., WDD> 0), the wear index was relatively
low, indicating that the resistance to wheel wear can
be improved by positioning larger-diameter wheels
on the outer side. When the larger-diameter wheels
were on the inner side (i.e., WDD< 0), the wear
index was relatively high. In the case where a −1mm
WDD was coupled with worn wheel profile S3, the
wear index reached up to 356.78N, indicating ex-
tremely severe wheel/rail wear.

As the degree of WPW increased, the wheel/rail in-
teraction deteriorated and wheel/rail wear increased.
When the inner wheels had a larger diameter than the
outer wheels, the yaw angle and lateral creepage of the
wheelset increased with increasing WDD and wheel/rail
wear increased under the combined action of centrifugal
forces.

6. Conclusions

Wheel profile wear and equivalent in-phase wheel diameter
difference coexist on the studied subway line. *is study
investigated the influence of WPW coupled with WDD on
vehicle dynamics, compared the dynamic responses of outer
and inner wheels, and then analyzed the vehicle’s dynamic
performance for different positions of the larger-diameter
wheels. *e study can lead to the following conclusions:

(1) *e dynamic performance of the vehicle during
running on a straight line can be characterized as
follows:

(i) In the presence ofWPW coupled withWDD, the
vehicle’s ride comfort index decreased as the
absolute value of WDD increased. *is suggests
that WDD can slow down the deterioration of
ride comfort index caused by increasing WPW
and improve the vehicle’s ride comfort to some
extent. However, the coupled damage reduced
the critical speed and undermined hunting sta-
bility. *e critical speed for the worn wheel
profile for 14×104 km was lower than the
maximum allowable speed for running on a
straight line (100 km/h) when WDD was −1,
−0.8, 0.8, and 1mm.

Table 9: Increase in peak axle lateral force on outer wheels due to profile change from S1 to S3.

WDD −1 (%) −0.8 (%) −0.5 (%) −0.2 (%) 0 (%) 0.2 (%) 0.5 (%) 0.8 (%) 1 (%)
Increase 57.4 52.3 49.2 45.5 45.1 43.7 41.7 36.5 26.9
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Figure 15: Wear index. (a) Inner wheel (right wheel). (b) Outer wheel (left wheel).

Table 10: Increase in the wear index of outer wheels due to profile change from S1 to S3.

WDD −1 (%) −0.8 (%) −0.5 (%) −0.2 (%) 0 (%) 0.2 (%) 0.5 (%) 0.8 (%) 1 (%)
Increase 47.9 61.6 70.1 60.6 58.4 66.6 68.9 74.6 67.1
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(ii) Whether the larger-diameter wheels are on the
inner side or outer side had little influence on the
vehicle’s critical speed and ride comfort index.

(2) *e curve negotiation performance of the vehicle has
the following characteristics:

(i) In the presence of WPW coupled with WDD,
the vehicle showed increases in the lateral
wheel/rail contact force, derailment coeffi-
cient, axle lateral force, and wear index and
deterioration of curve negotiation perfor-
mance when the larger-diameter wheels were
on the inner side. When the larger-diameter
wheels were on the outer side, the lateral
wheel/rail contact force, derailment coeffi-
cient, axle lateral force, and wear index de-
clined, indicating that the coupled damage can
improve the vehicle’s dynamic performance if
the outer wheel diameter is larger than inner
wheel diameter.

(ii) In the presence of WPW coupled with WDD,
the outer wheels had significantly greater lateral
wheel/rail contact force, derailment coefficient,
and wear index compared to the inner wheels,
and their peak values were 1.67, 1.91, and 1.99
times greater, respectively, than those on the
inner side.

(iii) When the worn wheel profile for
14×104 kilometers traveled was coupled with
-1mmWDD, the peak lateral wheel/rail contact
force and peak axle lateral force on the outer
side reached up to 38.74 kN and 37.51 kN, re-
spectively, which are close to corresponding
safety limits. *e peak derailment coefficient
was 0.84, higher than the safety limit of 0.8. *e
wear index was as high as 356.78N, indicating
that the wheels were badly worn.

(3) During the maintenance of subway vehicles, the
maintenance personnel should check the coupling of
different types of wheel damage in addition to wheel
damage detection. Moreover, special attention
should be paid to the curve negotiation performance
of outer wheels when the inner wheels have greater
diameters than outer wheels. After the distance
traveled reaches 14×104 km, the personnel should
check whether the lateral wheel/rail contact force,
derailment coefficient, and axle lateral force exceed
the safety limits.
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