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Abstract To explore the influence of spatially varying
ground motion on the dynamic behavior of a train passing
through a three-tower cable-stayed bridge, a 3D train—
track—bridge coupled model is established for accurately
simulating the train—bridge interaction under earthquake
excitation, which is made up of a vehicle model built by
multi-body dynamics, a track—bridge finite element model,
and a 3D rolling wheel-rail contact model. A conditional
simulation method, which takes into consideration the
wave passage effect, incoherence effect, and site-response
effect, is adopted to simulate the spatially varying ground
motion under different soil conditions. The multi-time-step
method previously proposed by the authors is also adopted
to improve computational efficiency. The dynamic
responses of the train running on a three-tower cable-
stayed bridge are calculated with differing earthquake
excitations and train speeds. The results indicate that (1)
the earthquake excitation significantly increases the
responses of the train—bridge system, but at a design speed,
all the running safety indices meet the code requirements;
(2) the incoherence and site-response effects should also be
considered in the seismic analysis for long-span bridges
though there is no fixed pattern for determining their
influences; (3) different train speeds that vary the vibration
characteristics of the train—bridge system affect the vibra-
tion frequencies of the car body and bridge.
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1 Introduction

High-speed railways (HSR) have played an increasingly
important role in solving traffic problems in many coun-
tries [1, 2], especially for China, which has the largest
population in the world. As bridges provide smooth and
stable line conditions for high-speed trains in China, they
contribute a significant portion of HSR. Thus, when an
earthquake occurs, it is quite possible that trains are run-
ning on bridges. Therefore, the performance evaluation of a
train traversing bridges under earthquake excitation has
been an issue of concern for decades in the development of
HSR [3].

Long-span bridges, which are capable of crossing large
valleys and rivers and possess aesthetic values, have been
increasingly used with the development of construction
technology and building materials [4, 5]. In the seismic
analysis of long-span bridges, it is reasonable and neces-
sary to consider the variation of the earthquake excitations
under different supports, due to long distance and soil
condition change between supports [6, 7]. A considerable
number of studies have explored the responses of long-span
bridges under multi-support seismic excitations [6—10], all
indicating that the spatial variability effects of earthquake
waves should be taken into consideration in the seismic
analysis of long-span bridges. However, few studies have
investigated the running safety of a train traversing a long-
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span bridge under spatially varying ground motions. Mu
[11] investigated the responses of a train traversing a cable-
stayed bridge under uniform vertical seismic excitations
and compared the responses of the train—bridge coupled
system at different train speeds and seismic intensities.
Zhang et al. [12] proposed a numerical solution to simulate
the dynamic responses of a train traversing a cable-stayed
bridge under traveling seismic waves. However, only the
wave passage effect of the ground motion was considered
in that study. Fryba [13] dealt with the responses of a
suspended bridge subjected to moving loads and earth-
quake excitation and investigated the influence of different
arrival times of an earthquake. Xia et al. [14] studied the
influence of the propagation velocities of earthquake waves
on the dynamic responses of the train-bridge system and
concluded that although no fixed pattern could be observed
for the influence of the propagation velocity, the seismic
wave passage effect should be considered in evaluating the
train running safety. Zeng [15] used the pseudo-excitation
method to investigate the random vibrations when a train
traversed a continuous girder bridge and was subjected to
traveling seismic waves, pointing out that the wave passage
effect could increase or decrease the responses of the train—
bridge system. Nonetheless, the variation of the earthquake
waves at different locations involves not only the different
arrival times but also the amplitude and frequency changes
due to soil conditions. Both should also be considered in
the seismic analysis of the train—bridge system.

Three main reasons lead to the variability of ground
motions: the wave passage effect resulting from the finite
velocity of traveling waves; the incoherence effect that
arises from the multiple reflections, refractions, and the
super-positioning of the waves induced by these two fac-
tors; and the differential site-response effect owing to the
filter effects of soil types [16—18]. Many studies have
considered the simulation of spatially varying ground
motions due to rare recordings of earthquake ground
motions at close sites [18-20]. The theoretical seismolog-
ical approach is a method that considers the whole proce-
dure in which waves travel from the fault rupture to the
ground surface. It is comprehensive, but very complex as it
requires detailed knowledge of fault sizes, rupture mech-
anisms, distance from the epicenter, etc. Moreover, these
data are usually not fully available [19]. Therefore, a
simpler method, the stochastic approach, which assumes
that the ground motion is a response of the bedrock that
filtered by the soil layers, is adopted widely [21-23]. There
are two main simulation methods in the stochastic
approach: unconditional and conditional simulation.
Unconditional simulation obtains ground motions from a
power spectral density function at a given site. Although
such simulated motions provide valuable information for
the performance evaluation of long bridges, they are, to a
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certain degree, artificial [24]. Conditional simulation per-
mits the use of one or more predefined ground motions at a
reference site, and the simulated motions can possess the
physical characteristics of the predefined motions to some
extent, such as non-stationarity in amplitude and frequency
content [16]. Thus, in this paper, the conditioned simula-
tion method proposed by Konakli [17] is adopted to sim-
ulate the spatially varying ground motions.

An appropriate train—track-bridge coupled model is
critical for estimating the train running safety, one of the
key components of which is the wheel-rail contact model.
The 3D rolling wheel-rail contact model is used, which
considers the geometries of the wheel and rail profiles, as it
is a robust and adequate method for thoroughly analyzing
train—track—bridge interaction under normal operating
conditions or in extreme situations such as strong lateral
winds or earthquakes [25]. A 3I-degrees-of-freedom
(DOFs) vehicle model established by the multi-body
dynamics and a track-bridge model built by using the finite
element method (FEM) form the rest part of the train—
track—bridge coupled model. To improve the computational
efficiency, the multi-time-step method proposed by the
authors in previous studies is also adopted [25-27].
A CRH3 high-speed train passing through a three-tower
cable-stayed bridge under earthquake excitation is taken as
the numerical example. The responses of the train—track—
bridge coupled system are calculated and compared with
the case of a uniform earthquake excitation, a traveling
earthquake excitation, and the spatially varying earthquake
excitation with different soil types.

2 Conditional simulation of spatially varying
ground motions

As previously mentioned, the variabilities of ground
motions at different sites should contain not only the wave
passage effect but also the incoherence effect and the site-
response effect. In this paper, the methodology proposed by
Konakli [17] is adopted to simulate the spatially varying
ground motions and is introduced briefly hereinafter.

Assume that the number of sites is n. In conditional
simulation, the realization of the ground motion at one or
more sites, called the known sites, is given, and accelera-
tion time histories at other sites, called the target sites, need
to be generated. Here, we consider the case when the first
site is the known site, and other sites are the target sites.

Let N be the number of discrete observations of the
given acceleration time history, which is sampled at equal
time intervals Ar. We denote the corresponding time
instants t; = iAt,i =0,1,...,N — 1. It is well known that
such an array of processes can be represented in terms of
the finite Fourier series:
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where a; is the given acceleration at the first site; w, =
2np/(NAt) is the pth frequency; Ag is a constant term; and
(Ap1,Bp1) are vectors of the random Fourier coefficients at
the frequency w,. The auto-power spectral density (auto-
PSD) function of the given acceleration, Gy;(®), can then
be estimated by the periodogram [28]. The relationship
between the auto-PSD (power spectral density) at the first
site and the kth target site can be expressed as

[y ()

G () = Gii(w) @)

(2)

where &y (w) represents the frequency response function
(FRF) of site k. The theoretical model of FRF given by
Safak [29] is adopted here:
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where 7, is the time it takes for waves to travel from the
bedrock to the ground surface; Qy is a quality factor with
Or = z%k ({¢ represents the damping ratio at the kth
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location); r; is the reflection coefficient of vertically
propagating waves; i is the unit imaginary number and
sgn(-) is the signum function. The cross-PSD between sites
k and [ is given by

Gu(®) = 74(©)[G(@) G ()], (4)

where 7y,,(w) represents the coherency function. Der
Kiureghian [18] developed a coherency model for
earthquake ground motions that accounts for spatial
variability due to the incoherence, wave passage, and
site-response effects, and the model can be expressed as

yu() = exp [— (ad”w> 2

L Im[hkm)hl(—w)q
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- exp [i tan

The two terms in Eq. (5) describe the incoherence effect
and site-response effects, respectively. It should be noted
that the wave passage effect is treated as a deterministic
time shift after the simulation. In Eq. (5), vs is the shear-
wave velocity of the soil medium; dj; is the distance
between the sites k and [; « is an incoherence coefficient.
Let the set of zero-mean Fourier coefficients at the
frequency ), for all n sites be expressed as X, =
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[A,,prl. . .ApnB,,,,] and the 2n X 2n covariance matrix of
these coefficients X,,. By separating X, into the Fourier
coefficient of the known site X,; = [Ap 1Bp1] and that of the
target sites X = [A,,zB,,z. . .A,mB,,n], the covariance
matrix X,, can be expressed as

X 11 py 12
Y o PP, 2 . 6
P [2,;,;.21 Lop 22 } 2nx2n “

It is well known that the conditional distribution of X,
is jointly normal [17] with a mean

—1
Mo = Zppo1 (Epp11) Xp1, (7)
and covariance matrix
—1
o011 = Zpp22 — Zpp2t (Zppi1)” Sppii2- (8)

At each frequency, w, = 2np/(NAt),p =1,2,...,N/2,
a sample set of Fourier coefficients for the target sites is
obtained as

xpz = Mp72‘1 +LZZP7 (9)

where L, is an upper triangular matrix that L;L,, =X, 011>
and z,, is a vector of 2(n — 1) uncorrelated standard normal
variables. Then, x,, is applied to Eq. (1) to generate the
realizations of acceleration time histories at the target sites.
Finally, a deterministic time shift of the simulated time
histories is made in accordance with the formula dk; /v, to
account for the wave passage effect. d& is the projection of
the interstation distance along the direction of wave prop-
agation on the ground surface, and v, is the apparent
surface wave velocity.

3 Train-track-bridge model and multi-time-step
method

3.1 Train-track-bridge model under earthquake
excitation

The train—track—bridge model is same as that adopted in the
authors’ previous study [27]. To apply the multi-time-step
(MTS) method, the train—track—bridge coupled system is
separated into the train subsystem, the track subsystem, and
the bridge subsystem [27], as shown in Fig. 1. The train
subsystem and the track subsystem are coupled by the 3D
wheel-rail rolling contact model [30]. The track subsystem
and the bridge subsystem are coupled by the interaction
forces between them. The train subsystem and the track
subsystem adopt a fine time step to obtain the high-fre-
quency vibration between wheel and rail, while the bridge
subsystem adopts a coarse time step to reduce the com-
putational efforts.

Rail. Eng. Science (2020) 28(2):184-198
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Fig. 1 The train—track—bridge coupled system under earthquake excitation
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Fig. 2 Vehicle model with corresponding DOFs

The train consists of a set of vehicles whose models are
established using multi-body dynamics. Each vehicle has
four wheelsets, two bogies, and one car body. These
components are treated as rigid bodies by neglecting their
elastic deformation. Each car body and bogie has five
DOFs, which are the lateral, rolling, yawing, vertical, and
pitching directions. Each wheelset has four DOFs by
removing the pitching direction. Thus, each vehicle has 31
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(d) Sign convention for vehicle

DOFs. Spring-damping elements are used to model the
primary suspension between the wheelsets and the bogies,
and the secondary suspensions between the bogies and the
car body.

Figure 2 shows the modeling, dimensions, and param-
eters of a train car. The longitudinal, lateral, vertical,
rolling, pitching, and yawing directions are denoted by x, y,
z, @, B, and Y, respectively, and k and ¢ represent stiffness
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Circumferential section

(a) Wheel- rail contact geometry relationship
Fig. 3 Geometric relationship of wheel-rail contact

and damping coefficients, respectively. The car body,
bogie, and wheelset are denoted by the subscripts ¢, b, and
w, respectively.

The vibration equations of the train can be written as

MVXV + CVXV +KVXV = Fvg _FWI'7 (10)

where M, C,, and K, represent the mass, damping, stiff-
ness matrices of the train, respectively; X, is the dis-
placement vector; Fy, and Fy, are the self-weight of the
train and the wheel-rail interaction force, respectively.

The track structure serves as an intermediate structural
part to transfer the trainload to the bridge and, at the same
time, filters the high-frequency vibrations induced by the
wheel-rail contact [27]. Therefore, the track structure
should be considered when evaluating the running safety
and riding comfort of a train traversing a bridge [31].

The ballast track structure is composed mainly of the
rails, the fasteners, the sleepers, and the ballast, as shown in
Fig. 1. The rails and sleepers are modeled using beam
elements, and the fasteners and ballast are modeled using
spring-damping elements in four directions. The mass of
the ballast is added to the mass of the bridge.

The vibration equations of the track structure can be
written as

FWI

- |:F I's :l ’ (1 1)
where the subscripts ‘" and ‘s’ denote the rail and sleeper,
respectively; My, Cy;, and K, represent the mass, damping,
and stiffness of the rail, respectively; X is the displacement
vector of the rail. In this study, the only external forces of
the rail are the wheel-rail contact forces, F\,, and the only
external forces of the sleeper are the supporting forces
given by the bridge, Fs.

@ Springer
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(b) Enlarged part of contact zone

The bridge structures are modeled with the FE method.
For different bridge structure types, beam elements, pole
elements, shell elements, and other types of element are
used for modeling individual components. The vibration
equations of the bridge under earthquake can be written as

MyXy, + CpXy + KpXy = Fy + Fia, (12)

where My, Cy, and K, are the mass, damping, and stiffness
matrix of the bridge, respectively; Xy, is the displacement
vector of the bridge. Two kinds of forces act on the bridge:
Fy, the forces exerted by the track structure, and Fga, the
forces simulating earthquake excitation, which is obtained
through the big mass method [12].

The 3D wheel-rail rolling contact model proposed by
Chen and Zhai [1, 3, 30] is adopted in this paper. Figure 3
shows a general wheel-rail contact condition, where point
B is the center of a circumferential section of the wheel and
C is a wheel-rail contact point. The coordinates of the
contact point can be determined by trace curve scanning,
and then, the compressive deformation between the wheel
and rail in the normal direction can be obtained. The nor-
mal and creep forces between wheel and rail are obtained
using the nonlinear elastic Hertzian contact theory and the
Kalker creep theory.

Detailed introduction of the train—track—bridge coupled
model, including the wheel-rail interaction model and the
expression of the forces between the subsystems, can be
found in Ref. [27].

3.2 Multi-time-step method

The MTS method proposed in the authors’ previous study
[27] is adopted in this paper to reduce computational
efforts. As explained, the train—track—bridge coupled sys-
tem is separated into the train subsystem, the track sub-
system, and the bridge subsystem. The responses of each
subsystem are calculated by applying a step-by-step inte-
gration method, such as the Newmark-f method. A fine

Rail. Eng. Science (2020) 28(2):184-198
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Fig. 4 Overall arrangement of the bridge (in mm)

time step is adopted to solve the vibration equations of the
train subsystem and the track subsystem to obtain the high-
frequency vibration between wheel and rail, whereas a
coarse time step is adopted for the bridge subsystem to
reduce the computational effort. A brief introduction to the
calculation procedure is presented next.

Let At represent the fine time step, AT represent the
coarse time step, and AT = mAt. At each coarse time step,
the responses of the bridge subsystem at the current coarse
time step, i.e., Xj, X;;’, and X{,", are obtained firstly by
applying the forces given by the track structure at the
previous coarse time step, th, and the forces of the
earthquake excitation at the current coarse time step, on the
bridge. This step is the critical step of the MTS method. It
is assumed that the forces of the bridge imposed by the
track structure remain unchanged when the calculation
moves to the next coarse time step. That sounds unrea-
sonable, but the accuracy of the results is satisfying when
the assumption is adopted [27]. The responses of the bridge
at the jth (j=1,2,...,m) fine time step can then be
obtained by linearly interpolating the bridge responses
between the current coarse time step and the previous
coarse time step:

X| = <1 —#>X‘g+ <i)xgi (13)

j .] 0 ] m
X =[1-=|X = | Xt 14
b < m) b+ <m> b (14)
Then, the responses of the train and track subsystems at
the jth fine time step can be obtained by calculating the

forces vector F}S using the bridge responses at the jth fine
time step. It should be noted that the wheel-rail interaction
forces at the jth fine time step, F/ , are calculated using the
responses of the train and track at the (j — 1)th fine time
step. This method is appropriate when a sufficiently small
time step is adopted [32].

At this point, the solution from # to t,, is complete, and
the process is repeated for the subsequent cycle with a AT
time step. A detailed introduction to the calculation pro-
cedure of the MTS method was provided in Ref. [27].

Rail. Eng. Science (2020) 28(2):184-198

4 Case study
4.1 A three-tower cable-stayed railway bridge

A three-tower cable-stayed railway bridge is considered
herein for the numerical example. The bridge has an
overall length of 1288 m with two 406-m main spans and
two side spans of 98 m and 140 m in length, as shown in
Fig. 4. The three towers with 157 m in height are inverted
Y-shapes (Fig. 5a), where the stiffening beam is stayed
with 158 cables. The ballast track structure is laid on the
bridge deck, which is stiffened by U-shape and T-shape
stiffeners and the main girder on each side, as shown in
Fig. 5b. The 3D finite element model of the cable-stayed
bridge is presented in Fig. 6. The rails, sleepers, piers, and
towers are modeled using beam elements based on the
actual cross-sectional properties. Distributed uniaxial
spring—dashpot units are used to simulate the elasticity
behavior of the ballast and fasteners. Based on the equiv-
alent orthotropic material modeling method presented by
Cai [33], the equivalent shell element is used to model the
bridge deck with U-shaped and T-shaped stiffeners. Each
cable is modeled by a single straight truss element, and the
equivalent modulus E.q is as given by Ernst [34]. Infor-
mation as to the vibration mode of the bridge is shown in
Fig. 7 and Table 1.

4.2 Result comparison and discussion

A CRH3 high-speed train traversing the bridge under
earthquake excitation is taken as a numerical example to
investigate the influence of spatially varying ground
motion. The train consists of eight vehicles,
MTMTTMTM, where M stands for the motored tractor and
T the trailer. The parameters of the train can be found in
Ref. [35]. The track irregularities are sampled from the
German low-disturbance spectrum [36].

As shown in Fig. 4, the whole bridge has seven sup-
ports, which are four piers and three towers. Here, we
consider the first support as the known site and the other
supports as the target sites. Three different soil types: firm,
medium, and soft, are considered for different supports.
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Fig. 6 Three-dimensional finite element model of the bridge

The parameters for the different soil types are given in  for waves to travel from the bedrock to the ground surface,
Table 2 [16, 37], in which {;, vs, 7, and ry represent the  and the reflection coefficient of vertically propagating
damping ratio, shear-wave velocity of soil, the time it takes

waves, respectively.
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(a) First vibration mode

7

>

S

(¢) Third vibration mode

Fig. 7 First four vibration modes of the bridge

Table 1 Information about the bridge vibration mode

(d) Fourth vibration mode

Mode no. Frequency (Hz) Mode shape

1 0.270 Asymmetrical lateral bending

2 0.317 Symmetrical lateral bending

3 0.439 Asymmetrical vertical bending + tower longitudinal bending
4 0.594 Symmetrical vertical bending + tower longitudinal bending

Table 2 Parameters of different sites

Soil type G Vs (m/s) % (8) Tk

Firm 0.6 400 0.2 0.42
Medium 0.4 300 0.3 0.69
Soft 0.2 200 0.6 0.78

The soil beneath the four piers, i.e., P1, P2, P3, and P4
(Fig. 4), is assumed to be firm, whereas the soil below the
three towers, i.e., T1, T2, and T3 (Fig. 4), varies. Assuming
that the soil is softer when the location is closer to the river
center, three combinations of local soil conditions are
considered in this study: FFMMMFF, FFMSMFF, and
FFSSSFF. Here, F, M, and S represent firm, medium, and
soft soil types, respectively. Therefore, 12 cases are pre-
sented in order to investigate the influence of the spatially
varying ground motion on the train running safety, as
illustrated in Table 3. Cases 1-6 are below the design
speed of the bridge, i.e., 160 km/h. The first three cases
represent traditional earthquake analysis cases, in which no
earthquake, a uniform earthquake, and an earthquake with
wave passage effect, respectively, are considered, while
cases 4—6 consider spatially varying ground motion with

Rail. Eng. Science (2020) 28(2):184-198

Table 3 Information about cases

Cases  Train speed  Earthquake Soil condition
(km/h)

1 160 No earthquake -

2 160 Uniform earthquake -

3 160 Considering wave passage  —

4 160 Spatial varying FFMMMFF

5 160 Spatial varying FFMSMFF

6 160 Spatial varying FFSSSFF

7 250 No earthquake -

8 250 Uniform earthquake -

9 250 Considering wave passage  —

10 250 Spatial varying FFMMMFF

11 250 Spatial varying FFMSMFF

12 250 Spatial varying FFSSSFF

different local soil conditions; cases 7—12 are the same as
cases 1-6, except that the train speed is the general oper-
ation speed, i.e., 250 km/h.

@ Springer



—_
Nel
[\S)

W. Gong et al.

o

g
n

o
n

o>

Given acceleration (m/s)
) AN
(=]

30 40

<
=3

20
Time (s)

Fig. 8 Time history of the given acceleration

The El-Centro wave, selected from the Pacific Earth-
quake Engineering Research (PEER) Ground Motion
Database, is adopted here as the given acceleration of the
first support, as shown in Fig. 8. The peak ground accel-
eration scale of the earthquake wave is adjusted to 0.1g,
following the earthquake design level of the bridge.

The process introduced in Sect. 2 requires that the time
series involved need to be stationary, but the given accel-
eration is not. Therefore, the acceleration wave needs to be
separated into several nearly stationary segments. The
characteristics of interest are the variance, predominant
frequency, and bandwidth of the given acceleration.
According to the work of Rezaeian and Der Kiureghian
[38], the instantaneous values of these characteristics are,
respectively, represented by the slopes of the integral of
squared acceleration in time, the cumulative count of zero-
level up-crossings, and the cumulative count of negative
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Fig. 10 The given and simulated ground motions of case 5

maxima or positive minima. Figure 9 shows the evolving
integral measures of the variance, predominant frequency,
and bandwidth, respectively, denoted as Q;, O, and Q3.
The vertical dashed lines demarcate the segments where
the slopes of all three curves are more or less constant and,
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Fig. 9 Representation of the variance, predominant frequency, and bandwidth of the given acceleration
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hence, the process can be considered nearly stationary. By
performing the process introduced in Sect. 2 for each
segment, the corresponding segments of the target sites can
be obtained and then assembled to the complete accelera-
tion time histories using cosine weighting functions. Then,
a deterministic time shift of the simulated time histories is
made to account for the wave passage effect. Here, the
apparent wave velocity is 600 m/s, and the direction is the
longitudinal direction of the bridge. Figures 10 and 11
show the ground motions and their PSD of case 5; it should
be mentioned that the PSD of the ground motions is
smoothed by the Tukey window [28].

The lateral acceleration of the first car body, the lateral
acceleration of the bridge at point A (Fig. 4), and the lat-
eral wheel-rail contact force of the first left wheel are

12 T T T T
g ] Support 1 Support 2
x 10F | —— Support3 ——— Support4
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Fig. 11 PSD of the ground motions of case 5
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shown in Figs. 12, 13, and 14. The maxima of the running
safety indices of all cases are listed in Table 4. Compar-
isons of the results of no earthquake excitations (cases 1
and 7) and the other cases show that earthquake excitations
significantly increase the dynamic responses of the train—
track—bridge coupled system, such as the lateral car-body
acceleration and the lateral bridge acceleration, which are
insignificantly affected by the track irregularity but sig-
nificantly affected by the earthquake excitation. Running
safety is also affected by the earthquake excitation, as
shown in Table 4, where all the indices of running safety
increase considerably. At the design speed of 160 km/h,
the running safety still satisfies the code requirement in
China [14], which can be expressed as

derailment factor: Q/P < 0.8,
wheel unloading rate: AP/P <0.6,
wheel/rail lateral force: Q <0.85(10 + Py /3),

(15)

where Q and P represent the lateral and vertical wheel-rail
contact force, respectively; AP and P represent the offload
vertical wheel-rail contact force and the average static
wheel load, respectively; and Py denotes the static
wheelset load in kN. The allowable lateral wheel-rail force
for the CRH3 locomotives is 56.67 kN, corresponding to
the static load of 140 kN. But for the general operation
speed of 250 km/h, the wheel unloading rates in cases 8—12
and the derailment factor in case 12 exceed the code limit;
and all the indices in cases 7—12 are greater than those in
cases 1-6. Apparently, the increase in train speed
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Fig. 12 Time history of the lateral acceleration of the first car body: a cases 1-6; b cases 7—12

Rail. Eng. Science (2020) 28(2):184-198

@ Springer



194

W. Gong et al.

No earthquake — Case 1

Uniformgearthquake—— Case 2

Traveling wave Case 3

SRV AVIPAVAVAVAVAVAY

Lateral acceleration of the bridge at point A (m/s?)
~Socor~boorboo~boobooSoo—
0O DO 0O DOV DON0ODO0ODO0ODO 0

Spatially varying Case 4
- FFMMMFF
} Spatially varying Case 5
- FFMSMFF
- FFSSSFF
o 3 6 9 12 15 18 21 24 27 30 33

Time (s)
()

Fig. 13 Time histories of the lateral acceleration of the bridge at point

%8 No earthquake — Case 1
0
-10
-20
10
E 0
=-10 Uniform earthquake
§ -20
£
é :58 Traveling wave
8 10
= 0
% ';8 Spatially varying FFMMMFF
210
=0
g -10 Spatially varying FFMSMFF
=-20
= 10
0

';8 Spatially varying
0 3 6 9 12 15 18 21 24 27
Time (s)
(a)

—— Case 7

Uniform earfhquake se 8

Spatially varying Case 10

FFMMMFF

No earthquake

~boolboolbootboolbootboo

Lateral acceleration of the bridge at point A (m/s?)

Loloxwxovoloxxooloxnooioxnioovwiooiow

Spatially varying Case 11
- FFMSMFF
h 3 FFSSSFF
() 3 6 9 12 15 18
Time (s)
(b)

A: a cases 1-6; b cases 7-12

No earthquake

—_
N

— o

Uniform earthquake

—

Traveling wave

Case 10

— o

Spatially varying FFMMMFF

— G
CHNSULONSNONSNOSLDSNS

Spatially varying FFMSMFF

Lateral wheel-rail contact forces (kN)

:%(5) Spatially varying
0 3 6 9

Time (s)
(b)

12

Fig. 14 Time histories of the lateral wheel-rail contact forces of the first left wheel: a cases 1-6; b cases 7-12

deteriorates the train running safety, both under normal
conditions and earthquake excitation.

When the results of cases 2 and 3, or cases 7 and 8, are
compared, differences are apparent between the responses
under uniform earthquake excitation and those under
traveling waves. This indicates that the traveling effect
influences the responses of the train—track—bridge coupled
system under earthquake to some extent. Furthermore, as

@ Springer

shown in Fig. 15, the overall trends of the lateral wheel—
rail contact forces and those of the lateral car-body accel-
eration basically remain consistent, in both cases 2 and 3
(in cases 7 and 8, same observations can be found, but the
figures are not given), and the lateral wheel-rail contact
forces oscillate around the overall trend with a roughly
constant amplitude. These results imply that earthquake
excitations that contain varying frequency components

Rail. Eng. Science (2020) 28(2):184-198
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Table 4 Maximum running safety indices of all cases

Case Wheel/rail lateral force (kN) Derailment factor Wheel unloading rate

1 8.85 0.11 0.29

2 14.54 0.17 0.34

3 17.00 0.24 0.43

4 16.53 0.21 0.32

5 15.00 0.19 0.35

6 43.12 0.44 0.39

7 14.19 0.25 0.60

8 41.32 0.57 1.00

9 23.61 0.29 1.00

10 34.86 0.74 1.00

11 33.75 0.31 1.00

12 54.84 0.92 1.00
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Fig. 15 Comparison between the lateral wheel-rail contact forces and the lateral car-body acceleration: a case 2; b case 3

(Fig. 11) are filtered by the train-bridge system, which
possesses low natural vibration frequency (Fig. 7). Thus,
the lateral wheel-rail contact forces under earthquake
excitation show an overall low-frequency variation trend,
compared to those under the normal condition, and the
lateral car-body accelerations have the same overall trend
as the lateral wheel-rail contact forces.

From the frequency domain analysis, similar conclu-
sions can be drawn. As shown in Figs. 16 and 17, the PSD
of the car-body acceleration and the bridge acceleration
under no earthquake excitation is closer to zero than that
under earthquake excitation, which means that the influ-
ence of the lateral track irregularity on the car body and
bridge is low, compared to the influence of the earthquake.
However, different types of earthquake excitation mainly
influence the PSD amplitude of the car body and bridge.
The main vibration frequencies vary insignificantly with
different earthquake excitations. This is because the long-
span bridge, which has low natural vibration frequency,

Rail. Eng. Science (2020) 28(2):184-198

filters earthquake excitations that have varying frequency
components. Furthermore, the vibration frequencies of the
car body and the bridge under the train speed of 160 km/h
are clearly different from those under the speed of
250 km/h. Specifically, the latter are lower than the former,
which may be explained as different train speeds lead to
different train locations on the bridge such that the vibra-
tion characteristics of the train-bridge system change,
further influencing the vibration frequencies of the car
body and bridge.

By comparing the results of case 3 with those of cases
4-6, or the results of case 9 with those of cases 10-12, we
can see the influences of the spatially varying ground
motion on the train—track-bridge coupled system when the
incoherence effect and the site-response effect are consid-
ered. The lateral wheel-rail contact forces and the corre-
sponding derailment factors in cases 6 and 12, where the
soil condition is FFSSSFF, are greater than those in cases
3-5 and cases 9-11, respectively, as shown in Table 4.
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Fig. 17 PSD of the lateral bridge acceleration: a cases 1-6; b cases 7-12

This means that the soil conditions have effects on the
train—track—bridge coupled system under earthquake, and
the incoherence effect and the site-response effect should
be taken into consideration in the seismic analysis of the
train—track—bridge coupled system. However, some influ-
ences of the spatially varying ground motion are not con-
sistent with different train speeds. For example, under the
design speed of 160 km/h, the maxima of the lateral car-
body acceleration in cases 4 and 5 (under spatially varying
earthquake excitation) are lower than those in case 3 (under
traveling earthquake excitation), whereas under the oper-
ation speed of 250 km/h, the maxima of the lateral car-
body acceleration in cases 10 and 11 (under spatially
varying earthquake excitation) are greater than those in
case 9 (under traveling earthquake excitation), as shown in
Fig. 12. The same observations can be identified through
the running safety indices of the lateral wheel-rail contact
force and the derailment factor, as shown in Table 4. In
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fact, one of the critical properties of earthquake is ran-
domness; therefore, stochastic analysis is required for more
comprehensive understanding of the influence of spatially
varying ground motions.

5 Conclusion

We investigated the influences of spatially varying ground
motion on the train—track—bridge coupled system. A 3D
train—track—bridge model is established, in which the train
is modeled by multi-body dynamics, and the track and
bridge are modeled using the FEM. A 3D rolling wheel-
rail contact model is adopted to accurately simulate the
interaction between train and bridge under earthquake
excitation. The multi-time-step method previously pro-
posed by the authors is adopted to enhance the speed of
calculation. The conditioned simulation method is adopted
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to simulate spatially varying ground motions, in which not
only the wave passage effect but also the incoherence
effect and the site-response effect are taken into consider-
ation. A numerical example of a train passing through a
cable-stayed bridge is conducted to investigate the influ-
ence of the spatially varying ground motion. Several con-
clusions can be drawn:

(1) Earthquake significantly increases the responses of
the train—bridge system. As a long-span bridge has a
low natural vibration frequency, the earthquake
excitations are significantly filtered by the train—
bridge system and are harmful to the train running
safety to some degree.

(2) Although showing no fixed pattern, the incoherence
effect and the site-response effect, along with the
traveling wave effect, influence the train—track—
bridge coupled system and should be considered in
seismic analyses for long-span bridges.

(3) Different train speeds lead to different train locations
on the bridge and therefore vary the vibration
characteristics of the train—bridge system and further
influence the vibration frequencies of the bridge and
car body.

As earthquake excitation is a random process, stochastic
analysis is required for more comprehensive understanding
of the influence of spatially varying ground motion. This
will be further studied in our future work.
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