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Wheel hollow wear is a common form of wheel-surface damage in high-speed trains, which is of great concern and a potential threat
to the service performance and safety of the high-speed railway system. At the same time, rail corridors in high-speed railways are
extensively straightened through the addition of bridges. However, only few studies paid attention to the influence of wheel-profile
wear on the train-track-bridge dynamic interaction. This paper reports a study of the high-speed train-track-bridge dynamic
interactions under new and hollow worn wheel profiles. A nonlinear rigid-flexible coupled model of a Chinese high-speed train
travelling on nonballasted tracks supported by a long-span continuous girder bridge is formulated. This modelling is based on the
train-track-bridge interaction theory, the wheel-rail nonelliptical multipoint contact theory, and the modified Craig-Bampton modal
synthesis method. The effects of wheel-rail nonlinearity caused by the wheel hollow wear are fully considered. The proposed model is
applied to predict the vertical and lateral dynamic responses of the high-speed train-track-bridge system under new and worn wheel
profiles, in which a high-speed train passing through a long-span continuous girder bridge at a speed of 350 km/h is considered. The
numerical results show that the wheel hollow wear changes the geometric parameters of the wheel-rail contact and then deteriorates
the train-track-bridge interactions. The worn wheels can increase the vibration response of the high-speed railway bridges.

1. Introduction

Over the last decade, China has constructed the largest high-
speed railway network around the world. The mileage of high-
speed railway with train running speed from 200 km/h to
350 km/h in China exceeds 29,000 km. Moreover, China plans
to construct 38,000 km of passenger dedicated high-speed
railway lines by 2025. However, a series of severe challenges
including the wear problems of the high-speed wheel/rail
systems have to be faced during the operation stage of Chinese
high-speed railways. The wear problems of the Chinese high-
speed railway include the wheel polygons, rail corrugation,
wheel hollow wear, wheel flange wear, rail side wear, and
uneven welds, among which the wheel uneven wear is of great
concern [1]. With the aggravation of wheel hollow wear, the
wheel-rail contact characteristics inevitably change, which
then intensifies the high-speed wheel-rail interaction.
Railway corridors in high-speed railways are extensively
straightened through the addition of bridges. So, the train-
track-bridge dynamic interaction is of great interest in

research field of high-speed railways. In fact, the train, the
track, and the bridge are an integrated dynamic system, in
which the train and the track are coupled by the wheel-rail
contact relationship, and the track and the bridge are linked
through the track-bridge interaction. As a link connecting
the train and the railway infrastructure, the wheel-rail
contact relationship plays a crucial role in the high-speed
train-track-bridge dynamic interaction. Therefore, the
wheel-rail uneven wear not only affects the quality of train
operation, but also influences the vibration characteristics of
tracks and bridges. Herein, we present a study of the high-
speed train-track-bridge dynamic interaction due to the
wheel hollow wear, where the wheel-rail contact non-
linearities caused by wheel uneven wear are fully considered.

“Using bridge instead of subgrade” has been widely used
in the construction of Chinese high-speed railway. Bridges
play a vital role in high-speed railway infrastructure, ac-
counting for more than 50% of total high-speed railway
mileage in China, because the use of bridges can avoid the
interruption of existing lines and occupy land. With the
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increase of speed of passenger trains and because of the fact
that taller and longer bridges are being built, the consid-
eration of train-track-bridge interaction becomes more
significant [2]. Growing attentions have been paid to the
study of train-track-bridge coupled vibration for the last few
years [3-10]. For example, Zhai et al. [2] proposed an ef-
ficient and practical theoretical model for the analysis of the
train-track-bridge interaction, which takes into account a
variety of nonlinear factors, aiming to provide a method for
analyzing and assessing the running safety and the comfort
of high-speed trains passing through bridges [2-4]. Zhang
et al. [5, 6] reported a new intersystem iteration method for
dynamic analysis of the coupled train-bridge system. In this
method, the dynamic responses of train subsystem and
bridge subsystem are solved separately, the iteration within
time-step is avoided, the computation memory is saved, and
it is convenient to use the commercial structural analysis
software for bridge subsystem. Li et al. [8] put forward the
interactive method by using the commercial finite-element
(FE) software ANSYS and multibody dynamics (MBD)
software SIMPACK to simulate the vehicle-bridge coupled
vibration. It is shown that the interactive method has high
computational efficiency and good convergence rate for
various bridge, and the vehicle-bridge coupled vibration
analysis can be conducted well and followed conveniently by
other researchers. Melo et al. [9] developed a numerical
vibration prediction scheme for train-bridge systems with
FE software ABAQUS and numerical software MATLAB.
And the experimental response obtained from a dynamic
test under railway traffic revealed a good agreement with the
numerical response. Antolin et al. [10] compared four dif-
ferent wheel-rail contact models (nonlinear; linear; rigid;
and virtual path) in vehicle-bridge coupling vibration. The
numerical investigation found that the forces obtained by
non-linear wheel-rail contact model are generally larger than
those of other three models, mainly because frictional slip
exist in the real wheel-rail contact conditions. Arvidsson
et al. [11] established a 2D train-track-bridge interaction
model that allows for wheel-rail contact loss to analyze the
dynamic performance of high-speed trains running on
nonballasted bridges in Europe.

More and more research focus on train-track-bridge
safety performance. Dhanasekar et al. [12, 13] studied the
impact coefficient and local deformation of long-span sus-
pension bridges and other bridges under actual train loads.
Zhang et al. [14] carried out a detailed study on the safety of
train operation due to the settlement of high-speed railway
bridges, and put forward the corresponding safety limit of
pier settlement. Zeng et al. [15-18] applied the actual
recorded seismic wave data or pseudo-excitation method
(PEM) to analyze the responses of train-track-bridge system
under the excitation of seismic waves. Accordingly, some
people have studied how to reduce bridge vibration, such as
tuned mass damper (TMD) [19, 20], install fluid viscous
dampers [21, 22] and magnetorheological damper equip-
ment on bridge structure [23]. Ling et al. [24, 25] predicted
the post-derailment behavior of a freight train composed of
one locomotive and several wagons on bridge caused by
track irregularity based on a coupled finite-element-
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multibody dynamics (FE-MBD) theory. Rocha et al. [26, 27]
assessed the train running safety passing through bridges
based on the probability density evolution method. Other
studies include train-bridge coupled simulation of a com-
posite structure bridge [28], train-bridge coupled vibration
analysis considering environmental wind loads [29, 30], and
the interaction between the train-bridge system and the
foundation-soil system by the substructure method [31].

Besides, numerous scholars have done a lot of work on
the wheel wear and its influence on railway vehicle dy-
namics. Polach and Nicklisch [32] presented a new standard
to identify wheel-rail contact geometry parameters related to
vehicle behavior. The new parameter called contact con-
centration index makes up for the shortcomings of tradi-
tional equivalent conicity and assess new proposals for wheel
and rail profiles regarding their wear in service. Shi et al. [33]
demonstrated the wheel wear evolution and related vehicle
dynamics of Chinese high-speed trains with an operating
distance of around two million kilometers by a long-term
experimental test. Ren [34] proposed a three-dimensional
wheel flat model considering the length, width and depth of
the flat spot. Thus, it is more in line with the real wheel
damage state. The results indicated that the width, the length
of the wheel flat, and the width/length ratio have an obvious
influence on the wheel/rail impact dynamics.

However, few scholars pay attention to the influence of
wheel uneven wear on the dynamic response of high-speed
train-track-bridge system. In the traditional studies of train-
track-bridge interaction, the wheel and rail profiles were
considered as new profiles. This is because the wheel-rail
rolling contact algorithms adopted in the traditional train-
track-bridge interaction models are difficult to consider the
nonlinear contact characteristics of uneven worn wheel and
rail profiles. Therefore, a nonlinear rigid-flexible coupled
model of high-speed train-track-bridge interaction is for-
mulated. This modelling is based on the train-track-bridge
interaction theory, the wheel-rail nonelliptical multipoint
contact theory and the modified Craig-Bampton modal
synthesis method. The effects of wheel-rail multipoint and
conformal contact behaviors caused by the wheel hollow
wear are fully considered. The proposed model is then
applied to predict the vertical and lateral responses of the
high-speed train-track-bridge system under new and worn
wheel profiles, in which a high-speed train passing through a
long-span continuous girder bridge at speed of 350 km/h is
considered. Based on the measured high-speed train worn
wheel profiles, the wheel-rail contact geometry of wheel
profiles at different mileage was analyzed. The influences of
wheel hollow wear on vibration responses of the high-speed
train-track-bridge system are reported.

2. Numerical Model

A numerical model of high-speed train-track-bridge non-
linear interaction (see Figure 1) is formulated based on the
train-track-bridge dynamic interaction theory [35]. The
model consists of four sub models: (1) the train dynamics
model, (2) the track dynamics model, (3) the bridge dy-
namics model, and (4) the contact models for wheel-rail
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FiGgure 1: High-speed train-track-bridge coupled dynamic model: (a) side view and (b) end view.

interaction and track-bridge interaction [24]. It fully con-
siders the nonlinear characteristics of the wheel-rail contact,
the suspension components of the train, the nonballasted
track and complex structure of super-large bridge.

2.1. High-Speed Train Model. A high-speed train funda-
mentally consists of car bodies, bogies, and wheel sets. The
wheel sets are connected with the bogie frame by springs and
dampers of the primary suspension system, and the bogie is
connected to the car body by a joint through the secondary
suspension system including air springs, lateral and vertical
dampers, antihunting dampers, and lateral stop. Figure 2
depicts the dimension of wheelbase, bogie center distance,
and adjacent wheelbase of CRH2C high-speed train used in
this paper.

In this study, a high-speed train consisting of eight
vehicles (T+ M +M +M +M + M + M + T; M: motor vehicle,
T: trailer vehicle) is assumed as a multibody system (MBS),
in which the rigid body vibration is categorized into the
longitudinal, lateral, vertical, yaw, pitch, and roll motions.
For each vehicle model, 15 rigid bodies are considered.

Among them, the car body, the bogie frame, and the wheel
set each have 6 degrees of freedom (DOFs), and the axle box
has one rotational DOF relative to the wheel set. Thus, each
vehicle model has a total of 50 DOFs. The degrees of freedom
of each vehicle are listed in Table 1. A schematic model of a
vehicle is shown in Figure 3. The symbols Z and f represent
the DOFs of the vertical and pitch motions of a component;
M and I denote the mass and inertia of a rigid body, the
subscripts ¢, ¢, and w represent successively the car body,
bogie frame, and wheel set; v stands for the running speed of
the vehicle; K, and Ci, are the vertical stiffness and damping
of the secondary suspension, respectively; K. and C, are the
vertical stiffness and damping of the primary suspension. Y
and ¥ denote the DOFs of the lateral and yaw motions of a
component; K, and Cj,, are the lateral stiffness and damping
of the secondary suspension; K, and C;, are the longitudinal
stiffness and damping of the secondary suspension; K, and
C,, are the lateral stiffness and damping of the primary
suspension; K, and C,, are the longitudinal stiffness and
damping of the primary suspension; @ denotes the DOF of
the roll motion of a component; K,, and K,,, represent
antirolling stiffness and lateral stop stiffness, respectively;
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FiGure 2: Composition and main dimensions of the considered CRH2C train (unit: cm).
TaBLE 1: Degrees of freedom of the vehicle.
Type of motion
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FIGURE 3: A schematic diagram of the vehicle model.
H,, is the distance from vehicle body center to frame center M, i, + C,u, + K, u, =f,,, (1)

of mass, and Hy,, is the distance from frame center of mass to
wheel set center of mass.

The train model fully considers the nonlinear elements in
the wheel-rail contact geometry relationship, wheel-rail
contact forces, and vehicle suspension systems. The damping
forces of the vehicle suspension systems are solved by the
Maxwell models, which consider the stiffness of the joint and
the nonlinear behavior of the anti-yaw dampers. The air
springs are simulated by the linear spring and damper el-
ements. The rubber bushes and bearings are simulated with
special spring and damper elements. The general form of the
dynamic equilibrium equations for the train can be
expressed as

where M;, is the mass matrix of the train, C,, and K,, are the
damping and stiffness matrices, respectively; u,, is the dis-
placement vector of train components; f,,, is the vector of the
nonlinear wheel-rail contact forces. The detailed formation
of the M, C, and K matrices and their derivation process can
be found in [36].

2.2. Track Model. The nonballasted track model consists of
rails, slabs, and subgrade, as shown in the lower part of
Figure 1. The nonballasted track model consists of two
Timoshenko beams for the rails, 3D solid FE model for the
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concrete slabs, periodic discrete viscoelastic elements rep-
resenting the rail fasteners that connect the rails and the
slabs, uniformly viscoelastic elements for the cement asphalt
layer beneath the slabs. The lateral and vertical bending
deformations and torsion of the rails are considered. Each
node in the FE track slab model has six DOFs.

The general form of the dynamic equilibrium equations
for the track system can be expressed as

Mttﬁtt + Cttﬁtt + Kttutt = fwr + fth’ (2)

where My, is the mass matrix of the track, C,, and K, are the
damping and stiffness matrices, respectively; uy, is the track
displacement vector; f;;, is the vector of the interaction forces
with the bridge. The detailed description of the nonballasted
track model is given in [3].

2.3. Bridge Model. The bridge structures are modelled with
the FE method. The flexible displacements are supposed to
be small in the body-fixed frame of reference and could be
described in terms of linear FE analysis. Introducing flexible
bodies into a model of mechanical system is used for creating
the more detailed models and obtaining more accurate
results of simulation. As shown in Figure 4, taking the elastic
deformation of a simply supported rail bridge as an example,
kinematics of bridge is described with the help of the so-
called floating frame of reference O,-X,Y,Z,. Kinematical
formulas are noted in this floating frame of reference. Po-
sition of certain point K of the bridge in the global O-XYZ is
defined by

1 = 1o+ Tody = 15 + Ty, (W, + ), (3)

where ry is radius vector of the origin of O,-X,Y,Z;, in O-
XYZ, T,, is transformation matrix, px is radius vector of
point K of undistorted flexible body in O,-X,Y},Z,, vector u,
presents elastic displacements of the point.

Small elastic displacements of bridge points in O,-
XY, Z,, are the product of the modal matrix and the matrix-
column of modal coordinates

- S -
Z ¢1’x (xa y) z)ql (t)

Upx o
uh(x>)/,Z>t) = uby =

S S
21 iy (x,y,2)q; (1) | = Z ;g

Upz

s
2 i (%, ,2)q; (1)

Li=1

= @,q,,
(4)

where @; is the i-th mode of the bridge, g; is the modal
coordinate that describes flexible displacements correspond
to mode i, S is referred as the number of used modes, ® is
called modal matrix which is solved by the Craig-Bampton
modal synthesis method [37].

As shown in Figure 5, the Craig-Bampton fixed interface
component mode synthesis method divides the global
structure into serval substructures. These substructures are
connected with a fixed interface at the interface boundary I

FIGURE 4: Floating reference frame for the long-span continuous
bridge structure.

(Figure 5(c)). Using the Craig-Bampton method, the actual
DOFs of bridge are expressed by modal matrix and modal
coordinates

W, I, 0 qc
e Pl YO e
o o Uy bic din qN

in which the subscripts I, B, N, and C in the equation are the
indexes to indicate the internal, interfacial, dominant modes,
and constrained modes, respectively. ¢;c is constrained
modal set, ¢rc is dominant modal set (after truncating
higher-order modes), u, and u,; are the interface and in-
ternal displacement vectors.

The generalized stiffness matrix and mass matrix in
Craig-Bampton method are obtained by modal

transformation
T
Kgs KBI:||:Ib 0 :|
Kig Kgglléic v

$ic b

[ch 0 ]
0 Kyy

— T I, 0 ! Mpg Mg [ I, O
Mb = (Dbe(Db =
¢IC ¢IN MIB MBB ¢IC (pIN

{MCC MNC:|
MCN MNN

Kb = q)ZKh(Db = |:

(6)

By abstracting the motion of a single elastic body into a
linear combination of modal elements (first coordinate
transformation), the dynamic equation of the substructure is
established, and the dynamic simulation of the elastic body
considering the characteristics of the interface is realized.
Then the modal coordinates of all substructures are trans-
formed into generalized coordinates (second coordinate
transformation) by using the interface connection condition,
and the dynamic equation of the system is obtained, and the
dynamic characteristics and motion of the whole system are
solved. Because there are six rigid body degrees of freedom
embedded in the constraint modal set (which must be
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FIGUre 5: Global and partitioned structural models and interface handling in the Craig-Bampton method. (a) Global (nonpartitioned)
structure Q; (b) substructures Q; (i=1, 2, ..., S) and interface boundary I} (c) interface boundary treatment.

removed before assembly with the multibody system, since
the rigid body displacement of components has been defined
in the multibody system), and the essence of the constraint
modal is static modal. These modes cannot correspond to
frequencies, so the Craig-Bampton method needs to be
modified so that the elastic substructures can be coupled with
the multibody dynamic model and dynamically analyzed [38].

The final step of the preparing set of modes is the
orthonormalization of columns of the modal matrix based
on eigenvalue problem solution with generalized mass and
stiffness matrix. The obtained orthogonal eigenvectors can
form transformation matrices N and perform orthogonal
transformation.

Kyq, = XMb‘lb’
q, = Nq,.

(7)

The diagonal form of transformed generalized matrices
leads to minimal CPU efforts during the integration of
equations of motion. It is the basic advantage of such an
approach. Another aim of such transformations is the ex-
clusion of modes that correspond to movement of the
flexible subsystem as a rigid body. The original modal co-
ordinates are represented by a new Craig-Bampton modal
coordinate. So, the physical coordinates can be approxi-
mately expressed as

s
u, = z D;q; = Dpq, = Dyq,- (8)
i=1

After assembly and transformation into the global sys-
tem, the dynamic equilibrium equation for the bridge system
can be written as

Mbiib + Cbab + Kbuh = ftb' (9)

The bridge damping matrix includes the material
damping of the bridge itself and the element damping of the
track model can be given by

NZ
Cb:och+ﬁKb+ZCj, (10)
=1
where « and f8 are the Rayleigh damping coefficients; N, is

the number of damping elements; C; is the damping matrix
of the jth track damper element.

25w,
S wt ;]
(11)
2§,
/3 —

- T >
w; + ;

where w; and w; are the natural frequencies of the two se-
lected flexible modes, &, is the material dependent damping
ratio of the bridge, a value of 2% is selected for the concrete
bridge.

2.4. Contact Models

2.4.1. Wheel-Rail Contact Model. A wheel-rail nonelliptical
multipoint contact model proposed by Kik-Piotrowski
[39, 40] is applied to connect the vehicle subsystem and the
track subsystem. The Kik-Piotrowski method is a non-
Hertzian wheel-rail contact approach based on the virtual
penetration theory. It is assumed that the shape of the wheel-
rail contact patch can be directly determined by the wheel
and rail profiles and the amount of interpenetration. This
method can deal with the complex contact situations such as
the multipoints and conformal contact conditions caused by
wheel-rail profile wear. It is assumed that the normal contact
stress p, is the semielliptical in the rolling direction of the

wheel set.
po(x,y) = xP(OO) Vx: () = 22, (12)

wherep,, is the maximum normal pressure; x; (y) is the half
longitudinal length of the contact patch at the lateral co-
ordinate y. According to the basic assumption of this al-
gorithm, the penetration area is regarded as the contact area.
The approximate edges of contact patch consist of inter-
secting lines of contact surfaces.

x;(y) = \2Rg (y). (13)

The normal contact force can be obtained by integrating
normal contact stress in the whole contact patch.

()
N :xp(OO) J y J } V1 ()7 - x2dx dy, (14)
1

Ve d=x(y)
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where y; and y, are the left and right boundary of the wheel-
rail contact patch in the y direction, respectively. The normal
deformation of the initial contact point (0,0) is

wozl—#z Po Jyl JW) \/xl(y)z_xzdxdy. (15)
nE x;(0) )y, )5 x2 + y?

The penetration volume of the contact point is
8y = 2w(0,0) = 2w,, which is based on the above equation.

RES, [ Ny - xdxdy

20 PO G O ) (4 ey

- N 2R,
0 n xa(y) 2 ’
) -[—xl(y) \x (¥)° — x2dx dy

After obtaining the clearance and normal contact force
of the wheel-rail contact, the calculation of tangential creep
forces is carried out based on the FASTSIM algorithm by
Kalker [41]. The use of FASTSIM is not only limited to
elliptical contact patch but also can obtain good results in
multipoint contact conditions.

(16)

2.4.2. Track-Bridge Contact Model. For a nonballasted track,
the bridge supports the track structure via the cement as-
phalt layers under the track slabs. In this study, the cement
asphalt layers were represented by uniformly distributed
nonlinear spring and damper elements (refer to Figure 1(b)).
Therefore, the track-bridge contact force f,;, can be calculated

by
£ = Ky, (us — up) + Cg, (0 — 1) (17)

In the above equation, K, is the nonlinear stiffness
matrix of the cement asphalt layer, Cy, is the nonlinear
viscous damping matrix, and u,, is the track slab displace-
ment vector. The detailed derivation process has been given
in reference [2].

2.5. Validation of the Model. To verify the accuracy of the
proposed train-track-bridge model, the simulation data
obtained with the current model is compared with the filed
measured data, as shown in Figures 6-8. The field tests were
carried out on the Tianjin-Qinhuangdao passenger high-
speed railway in China. A total of 13 trains have been
measured. The rail displacement and acceleration were
measured at the middle span of the 32m double-track
simply supported PC girders with box sections. The trains
are reorganized and the speed range is 200-350 km/h. Be-
cause the track irregularities of the tested lines were not
obtained, the German low-disturbance track spectrum was
applied in the simulations. Considering the difference be-
tween track irregularity samples used in simulation and the
actual track irregularities, the accelerations of axle box and
bogie frame are processed by low-pass filtering, and the cut-
off frequency is 300 Hz. From the comparison of simulation
and test results of the bogie frame acceleration and axle box

30
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-20
-30 T T T T
0 2 4 6 8 10
Time (s)
—— Measured result
Calculated result
()
20

Lateral acceleration (m/s?)

Time (s)

—— Measured result
Calculated result

()

Figure 6: Comparison of measured and calculated result of bogie
frame acceleration at a train speed of 350 km/h: (a) time history of
vertical acceleration; (b) lateral acceleration.

acceleration (Figures 6 and 7), the simulation results are in
good agreement with the test results. Figure 8 is the com-
parison of the measured and calculated displacement and
acceleration of the rails. The simulation results are close to
the measured data. Overall, the errors between the results
obtained by field test and simulation are negligible, and
hence the proposed model can be reliable and reasonable.

3. Variation of Wheel-Rail Contact
Geometry due to Wheel Hollow Wear

3.1. Evolution of the Hollow Wear. The evolution of wheel
profiles of a Chinese high-speed train is first investigated
based on the data from a long-term tracking tests con-
centrating on the natural wear process of high-speed train
wheels [42]. Figure 9 compares several typical worn wheel
profiles with different travelling distances. From the changes
of the profiles at the nominal rolling circle radius, it can be
clearly observed that the wheel hollow wear depth gradually
increases with an increase in train operating mileage. The
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section of the worn wheel tread around nominal rolling
circle is consistent with the new wheel tread.

Figure 10 shows the wear distribution along the wheel
width for different travelling distances. It indicates that the
main wear region on the wheel tread concentrates on the
area ranging from —20 to 20 mm around the nominal rolling
circle, and the wear in the flange area is relatively light. This
region is the main contact region between the wheel and the
rail. With the train travelling distance increase, the wheel
wear depth in this region aggravates gradually. According to
the field measurement results, the maximum wheel wear
depth of the train with travelling distances of 83,000 km,
132,000 km, 169,000 km, and 192,000 km attain 0.34 mm,
0.52 mm, 0.64 mm, and 0.72 mm, respectively, as shown in

Figure 10. The region of the worn wheel profiles near the
nominal rolling circle presents an obvious concave shape,
which substantially affects the wheel-rail contact geometry.
The location of the maximum wheel hollow wear depth
appears at about +3mm from the nominal rolling circle
radius of the wheel profile.

It should be noted that the wheel hollow wear has
reached the limit regulated by Railway Electric Multiple
Units Operation and Maintaining Regulation [43] after
travelling about 210,000 km, and the wheel tread of the tested
high-speed train is required to be reprofiled at that time.

3.2. Variation of Wheel-Rail Contact Geometry. The wheel-
rail contact geometric analysis for the measured wheel worn
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and new profiles were carried out respectively. The new
CHNG60 profile was applied in these analyses. Figure 11
shows the location and layout of contact points of new
and worn wheel profiles under different travel mileage. In
actual operation of high-speed trains, the wheel set lateral
displacement is generally within the range of 10 mm, so the
lateral displacement in Figure 11 was set at —10~10 mm.
It is easy to see that the distribution of wheel-rail contact
points is concentrated when the new wheel profile matches
with the new CHNG60 profile. In this case, the distribution of
wheel-rail contact points near the wheel flange side is sparse
and uniform, which is an ideal one-point contact situation.
But when the wheel travel distance is increased to 83,000 km,
the wheel-rail contact status evolved from the one-point
contact to the multipoint contact, and the distribution of
wheel-rail contact points appears in a larger area. The worn
wheel-rail contact situations of the wheel travel distance
increased to 132,000 and 169,000 km are similar to that of
83,000 km. Compared with the new wheel-rail contact sit-
uation, the worn wheel-rail contact points are more dis-
persed and nonuniform. The contact points at the wheel
flange area increase, which also slightly shift to the inside
corner of the rails. When the wheel travel distance is increased
to 192,000 km, the worn wheel-rail system has an obvious
two-point contact trend. Two concentrated wheel-rail contact

point areas appear in the center and inside corner of the rails.
This means the wheel hollow wear greatly changes the wheel-
rail contact status, resulting in a very dispersed and non-
uniform distribution of wheel-rail contact points. Under such
a severe condition, the wheel-rail two-point contact behavior
will occurr frequently. It should be noted that the wheel-rail
two-point contact or multipoint contact behavior will in-
tensify wheel-rail interaction and then increase the wear and
damage of wheel and rail profiles.

The rolling radius difference, equivalent conicity, contact
angle, and contact angle parameters are other four important
wheel-rail rolling contact geometric parameters. It can be
seen from Figure 12(a) that when the new wheel-rail profile
is matched, the rolling radius difference increases slowly
with wheel set lateral displacement less than 7mm. When
the wheel set displacement is greater than 7 mm, the rolling
radius difference increases sharply. At this time, the wheel-
rail contact point approaches the wheel flange, and the curve
of rolling circle radius difference presents a nonlinear change
law. But for the worn wheels, the fluctuation of rolling radius
difference increases obviously when the lateral wheel set
displacement is in the range of 1-9mm. The variation
tendency of the rolling radius difference of the wheels with
travel distances of 83,000 and 169,000 km are similar, and
the fluctuation of the case with travel distances of
192,000 km is the most intense.

For the new profile, the equivalent conicity Figure 12(b))
keeps within 0.1 and changes smoothly when the wheel set
displacement is less than 8 mm. But the equivalent conicity
of the worn wheel profiles are obviously larger than that of
the new profile when the wheel set displacement is larger
than 1 mm. The equivalent conicity of the worn wheel profile
with travel distances of 192,000 km is larger than that of
other cases when the wheel set displacement is in the range
of 1-9mm. The equivalent conicity with a wheel set dis-
placement of 1.5mm is equal to 0.28. According to the
Klingel principle, when lateral span and rolling radius of a
wheel set are kept constant, an increasing equivalent conicity
will increase the bogie hunting motion frequency, and finally
decrease the vehicle running stability.

The variation of contact angle and contact angle pa-
rameter are shown in Figures 12(c) and 12(d). The contact
angle parameter ¢ is used for linear approximation of the
function E(y) on the interval of the lateral shift of the wheel
set.

B(y) =P AOIS ), (18)

The designation fi(y), B.(y) are introduced for the
contact angles of the left and right wheels depending on the
wheel set shift. If the left and right pairs of profiles are equal,
the value 3,(0) = 8,(0) =8y corresponds to the contact angle
for symmetric position of the wheel set. The dependence on
the lateral shift is used for definition of the contact angle
parameter. Here S is the distance between the wheel set
rolling radius.

Figure 12 shows that the change of contact angle is gentle
for the new wheels when the lateral displacement is in the
range of —7-8 mm. But for the worn wheels, the fluctuation
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Ficure 11: Distribution of wheel-rail contact points of new and worn profiles: (a) new profile; (b) 83,0000 km; (c)132,000 km; (d)
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angle parameters.

range of contact angle becomes larger, and there are many
sudden changes when the lateral wheel set displacement is
negative. With the increasing train travel mileage, the
contact characteristics between wheel and rail deteriorate,
which led to the increase in the wheel-rail contact angle. The
variation trend of wheel-rail contact angle parameters is
similar to that of the contact angle.

The above results show that the wheel hollow wear has a
great influence on the geometric parameters of the wheel-rail
contact, which can aggravate the wheel-rail interaction and
finally affect the train-track-bridge interactions.

4. Results and Discussions

The proposed model shown in Section 2 was applied to
predict the vertical and lateral responses of the high-speed
train-track-bridge system under new and worn wheel pro-
files, in which a Chinese high-speed train passing through a
long-span continuous girder bridge (see Figure 13) at the
speed of 350 km/h was considered. Based on the measured
high-speed train worn wheel profiles shown in Section 3 and
numerical simulations, the influences of wheel hollow wear
on vibration responses of the high-speed train-track-bridge
system are discussed.

4.1. Illustration of the Bridge. The Chengjiang bridge located
in Hechi City of China was selected as example. It is a super-
large continuous concrete girder bridge on the Nanning-
Guizhou high-speed railway, in which the bridge span is
(91.5+180+91.5) m and the approach bridge is a 24-m
prestressed concrete simply supported bridge. A double-
track railway is positioned on the bridge and the transverse
distance between the railway lines is 5.0 m. The bridge body
is mainly made of C55 concrete, and the arch ribs are made
of composite materials and steel cables. The overall size of
the bridge is shown in Figure 13. The second span box girder
of the bridge contains transverse webs, which can enhance

the stiffness of the whole bridge structure. The cross section
and the main dimensions of the girder are shown in
Figure 14.

4.2. FE Model of the Chengjiang Bridge. In the FE modelling
of the Chengjiang bridge, several types of elements were
applied to simulate the distinct parts of the bridge. Specif-
ically, 3D two-node Euler-Bernoulli beam elements
(BEAM188) were used to simulate the arch ribs, transverse
structures and diagonal structures based on the actual shape
and geometric dimensions of the cross-section properties.
Two-node uniaxial link (LINKIO) elements were used to
model the bridge cables with three translational DOFs (per
node, x, y, and z). Elastic four-node axisymmetric quadri-
lateral shell elements (SHELL63) with both membrane and
bending capabilities were used to simulate the bridge web,
deck, and other structures. Shell element is not suitable for
the middle and two ends because of their large thickness. So
solid element (SOLID185) is used to simulate these parts.
Connection between different types of cells is accomplished
by coupling nodes with CERIG method, which can eliminate
the calculation error caused by different types of elements
DOFs inconsistency.

According to the constraints prescribed in the bridge
bearing arrangement (see Figure 15), the girder body and pier
are connected by the node coupled method. The arrow rep-
resents the release direction of the DOFs, whereas the DOF in
the arrow direction is not constrained. For example, a single
“O” represents that both horizontal and vertical DOFs are
constrained and fixed. The overall layout of the bridge FE
model is shown in Figure 16. The model consists of 98118
elements and 99938 nodes, which meets the requirement of
calculation accuracy through the numerical tests. The two ends
of the bridge were connected to the 24 m-length simple
supported beam bridges. Three-span simple supported beam
bridges were arranged on each side, which can be simulated as
conventional beam elements and coupled with the nodes at
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FIGURE 13: The overall size of the Chengjiang bridge (unit: m).
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FIGURE 15: Bridge bearing layout (unit: cm).

both ends of Chengjiang bridge. The bridge FE model was
imported into train-track-bridge dynamic interaction calcu-
lation program by Craig-Bampton method.

4.3. Results, Discussion, and Comparisons. Based on the
proposed high-speed train-track-bridge model, the influence
of wheel hollow wear on the vibration characteristics of the
train-track-bridge system is investigated and presented in
this section. Here, the new profile and the worn profile with
travel distance of 192,000 km were taken as the input wheel
profiles. Since the highest operational speed of high-speed
trains in China is 350 km/h at present, the train speed in the
simulations was also set to this value. The time domain
sample of track irregularity obtained from the spectral
transformation of low-disturbance track of German high-
speed railway was applied.

Figures 17-19 show the wheel-rail forces of high-speed
trains with new and worn profiles in time and frequency
domains. Figure 17(a) shows that wheel wear has a certain
effect on wheel-rail force. After severe wheel wear, it will
increase the impact between wheel and rail, leading to a
sharp increase in some peak values of wheel-rail force.
Figure 17(b) shows that wheel wear has a greater impact on
the lateral force of wheel and rail than the vertical force of
wheel and rail. The amplitude of the lateral force of wheel
and rail wearing wheel increases obviously. The maximum
wheel-rail vertical force before and after wheel wear changed
from 221.58 kN to 234.90 kN, which increased by 6.01%. The
maximum wheel-rail lateral force before and after wheel
wear increased from 9.84 kN to 14.38 kN, which increased by
46.1%.

In the frequency domain, wheel wear results in a slight
increase in the high frequency of wheel-rail vertical force, as
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shown in Figure 18. In the meanwhile, the increase in wheel-
rail lateral force is mainly reflected in the middle and high
frequencies from Figure 19. This shows that the wear of
wheel material mainly affects the wheel-rail force in the
middle and high frequencies domain, but has little effect on
the low frequency wheel-rail force.

The dynamic responses of the bridge with initial (new)
wheel profile and worn profile at 350 km/h speed are plotted
in Figures 20-25. The vertical and lateral displacements of
the midsection of the main span are shown in Figure 20. It
reveals that wheel wear has little effect on the bridge dis-
placement as the bridge displacement of the cases with worn
and new profiles are basically the same. The vertical dis-
placement curves are basically the same before and after the
wheel profile changes, and the maximum values maintain at
about 3.6 mm. The lateral displacement curves fluctuate
slightly, but the amplitudes are quite small, the maximum
values are stable around 0.11 mm.

Figures 21 and 22 depict the time histories of bridge
vertical and lateral displacement of the left and right-side
spans. Similar to the dynamic response of the main span,
wheel wear has no obvious effect on the vertical displace-
ment of the bridge, while small difference is found in the
lateral displacements. The vertical displacement peak values
of left and right span attain about 2mm, and the lateral
displacement peak values fluctuates around 0.06 mm.

Figures 23 and 24 display the time domain diagram of
bridge vertical and lateral acceleration of the main span. It
is not difficult to observe that the wheel wear has obvious
effects on the vibration acceleration of the bridge. The
maximum vertical accelerations of the cases with new and
worn profiles were 0.0525m/s*> and 0.0643 m/s>, re-
spectively, which increased by 23.1%. The maximum
values of lateral accelerations of the cases with new and
worn profiles are 0.0138m/s> and 0.0222m/s, re-
spectively, with an increase of 60.9%. The results show that
the responses of bridge accelerations obtained with the
models considering the wheel worn profiles are higher
than those obtained by the models without considering
wheel wear.
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FiGure 20: Time histories of displacement at the midsection of the
main span (speed: v=350km/h): (a) vertical; (b) lateral.

Figure 25 shows the PSD diagram of the bridge vertical
and lateral accelerations presented in Figures 23 and 24. For
the vertical acceleration, the main frequencies appear
around 0.53 Hz, 7.59 Hz, 22.9 Hz, and 26.9 Hz. But there is
no obvious difference between the PSDs of the cases with
new and worn profiles. This means that the wheel hollow
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wear has little effect on frequency domain curves of bridge
vertical acceleration in the range of 0~30 Hz. For the lateral
acceleration, the PSD changes obviously. After the wheel
profile wear occurring, the peak frequency appearing at
1.53 Hz decreases significantly, while the peak frequency
near 3.96 Hz increases obviously. It is noted that the peak
frequencies of 1.53 Hz and 3.96 Hz are corresponded to the
lateral modal shapes of the bridge girders. It indicates that
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FiGure 24: Time histories of lateral acceleration at the midsection
of the main span (speed: v=350 km/h).

the wheel hollow wear may cause the amplitude of bridge
vibration acceleration to change or shift in frequency
domain.

Figures 26 and Table 2 show the peak values of bridge
accelerations and displacements of the main span, left-side
span, and right-side span. The abscissa represents different
operating mileage and corresponds to different worn wheel
treads. From these results, the dynamic characteristics of the
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TaBLE 2: The peak values of bridge displacement.

Operating mileage (x10*km) . Midspan .Left—side span .Right—side span
Vertical Lateral Vertical Lateral Vertical Lateral
0 3.6364 0.1022 1.9590 0.0606 1.9838 0.0672
8.3 3.6353 0.1037 1.9593 0.0563 1.9840 0.0608
13.2 3.6357 0.1028 1.9593 0.0558 1.9840 0.0606
16.9 3.6357 0.1011 1.9593 0.0558 1.9839 0.0603
19.2 3.6357 0.1037 1.9593 0.0558 1.9836 0.0625
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bridge under different wheel worn profiles can be sum-
marized as follows:

(1) The wheel hollow wear has little effect on the dy-
namic displacement of the long-span bridge. The
reason should be that the bridge main girder has a
large overall stiffness as it is made of high-strength
concrete material, thus the displacement of the
bridge is mainly related to the axle load and dis-
tribution characteristics of the train.

(2) The maximum bridge accelerations increase fast in
lateral and vertical directions with the wheel wear
depth increase. It shows that both vertical and lateral
bridge accelerations are greatly affected by the
change of wheel profile.

5. Conclusions

This paper reported a study of the high-speed train-track-
bridge dynamic interactions considering the wheel-rail
contact nonlinearity due to hollow worn wheel profiles. A
nonlinear rigid-flexible coupled model of a high-speed train
travelling on a long-span continuous girder bridge was
established. The accuracy of the model is validated by
comparing with the measured data. The vertical and lateral
dynamic responses of the high-speed train-track-bridge
system under new and worn wheel profiles were discussed.

The simulation results have shown that the wheel hollow
wear of high-speed trains has a great influence on the
geometric parameters of the wheel-rail contact, which can
aggravate the wheel-rail interaction and finally deteriorates
the train-track-bridge interactions. The wheel wear has little
effect on the bridge dynamic displacement. However, the
bridge vertical and lateral accelerations increase with the
accumulation of the wheel hollow wear. It is suggested that
the influence of worn wheel-rail profiles should be con-
sidered in the dynamic analysis of train-track-bridge in-
teraction during the stage of bridge structure design and
safety assessment.
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