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ABSTRACT

To investigate the dynamic influence of the train on the seismic response of the
bridge, nonlinear seismic analyses of reinforced concrete Shinkansen viaduct are
carried out using a general-purpose program MIDAS, in which the train is modeled as
three-dimensional finite elements. The seismic responses of the bridge considering the
train as additional mass are compared with those of the cases considering either no
train load or the train as 3D FE model. Analytical results show seismic responses of the
bridge are greatly influenced due to the dynamic effect of the train and the ground
motion characteristics. Therefore, in the seismic design of Shinkansen viaducts it is
important to further examine the dynamic effect of the train.

1. INTRODUCTION

Japanese high-speed railway system, the Shinkansen, serves a vital role in the
transportation network that connects its major cities. The high-speed railway’s lines
usually pass directly over densely populated urban areas, where the railway structure
mainly comprises elevated bridges. At the same time, Japan is located in an
earthquake-prone region. Therefore, the earthquake-proof capacity of the Shinkansen
system is always a concern considering the extremely high-speed of the bullet trains.
The Kobe earthquake, which occurred on Jan. 17, 1995, brought severe damage in
Hyogo Prefecture. The traffic networks of Kansai area were entirely paralyzed. The
railway viaducts were also collapsed by the earthquake. The bridge structures,
especially the piers, were damaged severely in a wide area. Then, during the Chuetsu
earthquake on Oct. 23, 2004, the Shinkansen viaducts sustained severe damages and
the first derailment accident of the bullet train occurred. After this disaster, safety
evaluation of running trains on the viaducts under strong earthquakes was focused on
(Luo & Miyamoto 2007, Tanabe et al. 2011). Moreover, in the Tohoku earthquake on
March 11, 2011, as a result of the Urgent Earthquake Detection and Alarm System, no
Shinkansen trains operating at high speeds derailed during the earthquake. However,
the derailment accident occurred while the Shinkansen trial running train was going into
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Sendai Station at the speed under 72 km/h, and the viaduct structure are also
subjected to severe damages. Therefore, it is important to examine the seismic
performance of the existing bridge structures to ensure the safety of both the bridges
and running trains.

On the other hand, in the Seismic Design Code for Railway Structures in Japan, the
live load of trains is merely attached as an additional mass to the bridge structure
(RTRI 1999). However, the seismic responses of the bridges under running dynamic
trains are very complicated (Kawatani et al. 2007; 2008, He et al. 2011), which needs
further investigations to improve the design code to meet both safety and economical
demands. Nevertheless, very few researches have been conducted especially on the
nonlinear seismic response analysis of railway bridges considering dynamic train loads,
because of its difficulties (Matsumoto et al. 2007, Kawatani et al. 2013).

In this paper, to investigate the dynamic influence of the train on the seismic
response of the bridge, nonlinear seismic analyses of reinforced concrete Shinkansen
viaducts are carried out using a general-purpose program MIDAS, in which the train is
modeled as three-dimensional finite elements. The seismic responses of the bridge
considering the train as additional mass is compared with those of the cases
considering either no train load or the train as 3D FE model.

2. SISMIC RESPONSE ANALYSIS

2.1 Linear Seismic Response Analysis

The viaduct is modeled with three-dimensional finite elements. A 15 degree-of-
freedom sprung-mass dynamic bullet train model that can appropriately express the
lateral, vertical and rotational motions of the car body and bogies is developed for linear
seismic analysis. The dynamic differential equations of the bridge system are derived
using modal analysis technique (He et al. 2013). The earthquake excitation is
considered as inertial force acting simultaneously on all DOFs of the bridge and train
models.

Newmark’s 8 direct numerical integration method is employed to solve the coupled
differential equations of the bridge-train-earthquake interaction system. The rate of
convergence is set as 0.001 for the acceleration response to insure the analytical
accuracy. The structure is assumed to remain in elastic domain during a moderate
earthquake. The detailed formulization of the bridge-train interaction system and
information about the demonstration process of the analytical procedure are described
in the published book (He et al. 2013).

2.2 Nonlinear Seismic Response Analysis

Nonlinear dynamic response of the bridges are analyzed by using a general
program named MIDAS, in which Newmark’s B direct numerical integration method
adopting 1/4 as the value of g is also used to solved the dynamic differential equations.

In the nonlinear seismic response analysis, restoring force based on bi-linear
hysteretic constitutive law as shown in Fig. 1 is adopted for the element of RC bridge
pier. The value of yield moment is set previously referring to previous studies (Kawatani
et al. 2007), while the ultimate moment is not set in the current model.
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3. NUMERICAL MODELS

3.1 Bridge Model

A typical high-speed railway reinforced concrete viaduct in the form of rigid portal
frame shown in Fig. 2 is adopted in this analysis. The viaducts are built with 24-meter
bridge blocks. Each block consists of 6 m-length spans and two 3 m cantilever parts, so
called hanging parts, at each end. In this analysis, one block (24 m) of bridge is
adopted as the analytical model. Figure 3 shows that the one-block bridge is modeled
as 3D beam elements. The lumped mass system is adopted for the bridge beam
elements. In the case that considers the train as additional mass, one car of the train is
presumed to stand on the middle of the bridge. Then, it is converted into mass and
attached to the structural nodes at the wheel positions. The bridge pier bottoms are set
to be fixed. Rayleigh damping is adopted for the structural model. The damping
constant of 0.05 is assumed for the first and second natural modes of the structure. For
examining the seismic performance of the pier, the sectional view of the pier is shown
in Fig. 4. There are 12 axial reinforcing bars in the cross-section.
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3.2 15-DOF Train Model

Figure 5 shows one car of the bullet train that is modelled as a 15-DOF sprung-
mass system, assuming that the car body and the bogies are rigid bodies and that they
are connected three-dimensionally by linear spring and damper elements. In this train
model, the sway, bouncing, pitching, rolling and yawing motions of the car body, and
the sway, parallel hop, axle windup, axle tramp and yawing motions of the front and
rear bogies are taken into account. In this stage of the study, assuming that the relative
motion between the wheel and the track is small under a moderate earthquake, the

Table 1 Properties of bullet train

car body Wi 321.616 kN
Weight bogie W, 25.862 kN
wheelset Ws 17.689 kN
49.248 kN[Js’IJm
la | 2512.628 kN[Js?
car body ly1 CIm
P lx | 2512.628 kN[Js?
Ja % Ja Mass COOm
B, Eﬁ:‘:r::a Lo | 2.909 KNCIs?Im
o BT TR bogie ly, | 4.123 kNCIs?CIm
ke AR A B lf.-| Ik l, | 4.123 kNCIs?CIm
20m wheelset I | 0.885kN[Js’CIm
l; | 0.885kNIs’Im
E ] g Y [T ke 5000.0 kN/m
e . &% b 5;1“ j‘ﬁmij upper ky 176.4 kN/m
— Spring Ks 443.0 kN/m
constant Ko1 17500.0 KN/m
Fig. 5 15-DOF bullet train car model lower Kep 4704.0 KN/m
Kos 1209.81 kKN/m
o lateral upper C, 39.2 kN- s/m

Table 2 Properties of the FEM train model

Cross section 11.2 m?

Moment of inertia in z-direction | 5.26x10° m*

Moment of inertia in y-direction | 5.28x10° m*

Fig. 6 FEM train model Torsion moment 1.0x10" m*
Kax 17500.0 kN/m
lower Ky 4704.0 KN/m
Spring K1, 1209.81 kN/m
Constant ke | 10000.0 KN/m
upper Kay 352.8 kKN/m
ko, 886.0 kN/m
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motion of the wheel set is attached to the rail structure, considering the effect of rail
surface roughness. A bullet train composed of 16 cars is adopted in the analysis based
on the actual operational condition. Each car is treated as independent dynamic system
without modelling the coupling device, considering the analytical conditions that the
train is running on a straight line and the inertia force due to the ground motion is
simultaneously acting on the cars without phase difference. The distance between the
centers of two adjacent cars is 25 meters. The dynamic properties of the moving train
are shown in Table 1.

3.3 FEM Train Model

Figure 6 shows finite element train model considering the stiffness of the train body,
which has 46 nodes and 35 elements. And double nodes are set and considered
springs between train body and bogie, bogie and wheel, respectively. Table 2 shows
properties of finite element train model.

3.4 Adopted Ground Motions
To investigate the seismic performance, the Level 1 and Level 2 ground motions
defined in the Seismic Design Code for Railway Structures in Japan (RTRI 1999) are
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adopted as the seismic load. Figure 7 indicates the horizontal acceleration
simultaneously with its seismic response spectrum of the L1 and L2 ground motions
designated in the design code. For the viaducts adopted in this analysis, the ground
condition is assumed as G3 soil, which has the natural period of 0.25-0.5 second in the
surface ground and is defined as normal soil in the design code (RTRI 1999).

4. LINEAR SEISMIC RESPONSE ANALYSIS

4.1 Analytical Cases

The examinations of linear seismic performance using the analytical models and the
ground motions described above are carried out. Five analytical cases are chosen for
the seismic analyses. For all cases, only horizontal component of Level 1 G3 ground
motions are applied.

Case-1: Without considering the train load. The seismic response of the 1-block
bridge itself will be calculated.

Case-2: Considering the train as additional mass to the bridge model. For the 1-
block bridge model shown in Fig. 3, one car of the train is presumed to stand on the
middle of the bridge.

Case-3: Assuming the train as a finite element train model standing on the bridge.
One car shown in Fig. 6 is set standing on the one-block bridge model at the same
position in Case-2.

Case-4: Assuming the train as a dynamic system standing on the bridge. One car
shown in Fig. 5 is set standing on the one-block bridge model at the same position in
Case-2. The dynamic interaction between the train system and the bridge is considered.

Case-5: The train is running through the bridge with the actual operation speed of
270km/h. In this case, because its speed is very high, an actual train generally
composed of 16 cars runs through the one-block bridge model in a very short time.
However, as described previously, it is impossible to model the bridge of enough length
for the train to run through during seismic motions. In this study, to fully express the
bridge-train interaction, the train is assumed to comprise an infinite number of cars that
it can keep running on the bridge during the earthquake.

The dynamic effect of the train on the seismic response and performance of the
bridge will be shown through these five cases.

4.2 Numerical Results

Eigenvalue analysis of the bridge model is performed and the natural frequencies
are shown in Table 3. Comparing Case-3 with other cases, the frequencies of Case-3
are quite different from those of other cases. This is because FEM train model is
integrated with bridge model and the modes of the train model are appeared in low
frequencies. The first mode of the bridge appears as the fourth mode.

Corresponding to the five cases described above, horizontal accelerations of the
bridge at the noted point at the top of the first pier indicated in Fig. 3 are shown in Fig. 8.
The acceleration of Case-1 is almost the same as that of Case-3. The acceleration of
Case-3 indicates difference from that of Case-4 due to the difference between the FEM
train model and 15-DOF train model. For the three cases of Case-2 to Case-4, the
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bridge responses are to some extent smaller compared that of the Case-1 due to
consideration of the train, which shows a risk to underestimate the bridge response to a
dangerous side in an earthquake. In addition, Case-5 is the largest in all cases. The
reason can be attributed to the dynamic effect of the running train.

5. NONLINEAR SEISMIC RESPONSE ANALYSIS

5.1 Analytical Cases

The examinations of nonlinear seismic performance using the numerical models
and the ground motions described above are carried out. Three analytical cases, which
are Case-1, Case-2 and Case-3 described in 4.1, are chosen for the nonlinear analyses.

For all cases, only horizontal component of Level 2 ground motions are applied.

Table 3 Natural frequencies of bridge

Frequency (Hz)
Mode Case-1, 4,5 Case-2 | Case-3
1st 2.5361 2.3666 | 0.7236
2nd 2.6362 2.5140 | 1.0556
3rd 2.6626 2.5457 | 2.2829
4th 13.5970 13.0040 | 2.4584
5th 13.7930 13.1860 | 2.6117
6th 15.6260 15.5580 | 2.6973
7th 15.9530 15.9040 | 2.7564
8th 17.4440 16.8230 | 3.8804
9th 20.1610 19.2120 | 7.3478
10th 20.3210 19.3450 | 7.4243
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5.2 Numerical Results

Corresponding to the three cases described above, horizontal accelerations and
displacements at the noted point of the bridge and hysteresis loops at Right 1 pier
bottom indicated in Fig. 3 are shown in Fig. 10 and Fig. 11. The reduction effect of the
train as additional mass on the acceleration response of the bridge can be confirmed by
comparing the acceleration results of Cae-1 and Case-2 under Level 2 ground motions.
The acceleration responses of Case-2 display smaller maximum values than those of
the Case-1. This is because, considering the train mass, the hysteresis loops are large
and dissipation energy increases. Moreover the RMS values of the acceleration
response of Case-3 are to some extent smaller than those of Case-1, but obvious
differences are not observed under these two ground motions. The reduction effect of
the acceleration responses considering train as finite element model is smaller than
that of considering train as additional mass.

In the displacement responses, the cases of largest final residual displacement
appeared in Case-2: under L2 _Spc |_G3 ground motion and Case-1: under L2_Spc
II_G3 ground motion. Same as in L1 ground motion, nonlinear seismic responses also
show that the possibility not only to overestimate but also to underestimate the bridge
response by simply treating the train as additional mass may exist.
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The residual displacements and hysteresis loops of L2_Spc 1l_G3 ground motion
are larger than those of L2_Spc |_G3 ground motion, which shows that the pier can be
damaged severer under L2 Spc Il_G3 ground motion. From the above numerical
results, it also can be seen that the seismic responses of the bridge are also affected
by the difference of the ground motions.

6. CONCLUSIONS

In this paper, linear and nonlinear seismic response analyses of a typical portal rigid
frame reinforced concrete Shinkansen viaduct are analyzed and evaluated by using a
developed program and also a general program. In the numerical results, under L1
ground motions, the change of the structural natural periods by considering the train as
additional mass affects the acceleration response. In addition, numerical results show
the damping effect of the train as a vibration system on the seismic response of the
bridge. This phenomenon shows that the influence of the train as a vibration system is
important and should be fully considered when evaluating the seismic performance of
the bridge.

Under L2 ground motions, numerical results show the reduction effect of the
acceleration response due to the train as additional mass. Moreover, in the nonlinear
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seismic responses of the bridges, the dynamic effects of the train are also very
complicated. In seismic design, the bridge response should be further examined
considering the specific structural properties as well as the dynamic characteristics of
the train and the ground motions.
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