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Abstract

The highway bridge design code in most countries does not consider the live load in seismic
design of highway bridges. However, traffic jams on urban highway bridges occur with high
probability, and the inertial effect of passing vehicles due to earthquakes thus could not be
negligible in the context of seismic design of bridges when vehicle’s weight is large enough
compared with the dead load of bridges. It is therefore of engineers’ interest to conduct a
seismic analysis of bridges considering the vehicle dynamics effect on the seismic behavior of
the bridge. Earthquakes occur unexpectedly and recently more and more strong motions were
recorded, which are important for seismic engineering. This paper investigates nonlinear dy-
namic responses of a highway bridge considering vehicle -bridge interactions (VBI) subjected
to particular large earthquakes. Tohoku earthquake in 2011 and Kumamoto earthquake in
2016. Observations showed that, compared with those of disregarding vehicles, VBI changed
the bridge displacement responses, plastic deformations, relative displacements of bearings
and acceleration responses of the bridge but to different tendency and degree under different
ground motions. The results revealed the importance of vehicle dynamic effect on seismic re-
sponses of bridges and view point that the current assumption of ignorance of vehicle effect in
seismic design of highway bridges might be non-conservative.
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1 INTRODUCTION

Earthquakes occur randomly and such strong motion records are important for seismic de-
sign. On March 11, 2011, the 2011 off the Pacific Coast of Tohoku Earthquake (hereafter, the
“Tohoku Earthquake™) occurred in Japan. The magnitude was reported as being 9.0, the high-
est magnitude ever recorded in Japan. It was the most powerful earthquake ever recorded to
have hit Japan, and the scale of the Tohoku Earthquake stands out in comparison even with
some of the most destructive past earthquakes. It caused enormous damage due to the ground
motion and the tsunami it triggered. About 200 highway bridges and numerous railway bridg-
es were damaged, e.g., elevated bridges of the Tohoku Shinkansen. The Tohoku Earthquake
was an inter-plate earthquake, occurring on the boundary between the Pacific plate and the
Continental plate. The observed ground motions had a typical characteristic of a long duration
because of the large scale of the fault plane, or the large number of waveforms observed,
which was higher than massive earthquakes in the past. This phenomenon caused severe lig-
uefaction effects for the ground in the Tokyo Bay area. Liquefaction resulted in much of the
destruction associated with this earthquake, such as sand/mud boiling, ground cracking, de-
pressions of pavement, ground settlement, leaning buildings and the exposure of underground
pipes. The Kumamoto earthquake in 2016 consists of two strong ground motions and a series
of smaller foreshocks and aftershocks. The first large ground motion hit the area on April 14,
2016, which was categorized into the foreshock before the larger ground motion on April 16,
2016. Such earthquakes caused strong response and significant damage to bridges. It was
mentioned that this type of repeated strong motions has not been taken into account in con-
ventional seismic design practices [1]. The repeated strong motions increase damage in all
types of structures significantly. Service on the Shinkansen was suspended after a train de-
railed due to the earthquake. Thus, more research is needed to estimate and prevent the dam-
age caused by such strong earthquakes.

Heavy traffic jams on urban highway bridges occur frequently and encountering an earth-
quake in urban areas of earthquake prone regions becomes more possible. The dynamic effect
of vehicles could not be negligible in the context of seismic design of bridges. It is necessary
to review the seismic performance of bridges, considering traffic loading. However, very few
studies have specifically examined the vehicle effect on bridge seismic responses.

In seismic design of monorail bridges the effect of the train load is considered as addition-
al mass [2]. He et al. [3] investigated the seismic responses of Shinkansen viaducts for high-
speed trains under moderate earthquakes. Their results show that the train can act as a damper
for the bridge. A study by Zeng and Dimitrakopoulos [4] studied a horizontally curved rail-
way bridge subjected to train crossings and moderate ground motions of different periods. Re-
sults verified the favorable damping effect that the running vehicles have on the deck
vibration. The study by Kim et al. [2] showed that consideration of the monorail train as addi-
tional mass rather than a dynamic system in numerical modeling overestimated the effect of
the train load on seismic performance of monorail bridges. Kim and Kawatani [5] concluded
that a train acts as a damper and tends to decrease acceleration response under a particular
earthquake compared with the system which consider train as an additional mass.

In contrast to the railway system, the highway bridge design code of Japan Road Associa-
tion does not consider the live load in seismic design of highway bridges due to the low prob-
ability of simultaneously encountering critical vehicle load and earthquake. A study by
Sugiyama et al. [6] showed that the dynamic effect of the vehicles was more dominant in the
transverse direction and that the vehicle loading tended to reduce the bridge response. A study
addressing this matter was done by Kameda et al. [7], which concluded that seismic responses
of the bridge increase or decrease depending on the phase difference between the bridge and
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the vehicle. Kameda et al. [8] stated that the vehicles tended to amplify the bridge response
when the vehicles and bridge were in phase and tended to decrease the response when they
were out of phase. Another study by Kim et al. [9] concluded that the seismic response of the
highway bridge subject to moderate earthquakes increased when the vehicle was considered
as mass; and decreased when the vehicle was simulated as dynamic system. Kawatani et al.
[10] demonstrated that heavy vehicles reduced the seismic response of bridges under a mod-
erate ground motion with lower frequency characteristics; but slightly amplified the seismic
response of the bridge under higher frequency ground motions. Borjigin et al. [11] proposed a
seismic response analysis framework incorporating vehicle—bridge interactions (VBI) with
nonlinear dynamic analysis, and the effects of vehicle dynamics on seismic responses of a
highway bridge was clarified and the seismic performance of the bridge was checked.

As reviewed above, most studies were related to moderate earthquakes that caused linear
behavior of bridges, and some studies discussed the seismic responses of bridges considering
effect of vehicle dynamics under limited number of modified ground motions. It is therefore
necessary to proceed with a seismic analysis of bridges considering vehicle effect, and de-
scribe the non-behavior of bridges for strong ground shakings of different levels. This study
was conducted to investigate non-linear dynamic analysis incorporating vehicle—bridge inter-
actions (VBI) subjected to particular earthquakes to clarify the effect of vehicles on the seis-
mic responses of an urban highway viaduct. To investigate the seismic responses of the bridge
under particular earthquakes, two strong ground motions recorded on-site with different fre-
quency components are adopted for analysis. A numerical method, Recursive Substructure
Method, was utilized, which integrates a commercial FEA package, ABAQUS®, into the au-
thors’ in-house VBI-solving programs developed with MATLAB®.

2 ANALYTICAL MODELS

2.1  Vehicle model

The vehicle model of a truck consists of a rigid body with single axle. The mass of the ve-
hicle model is 25.0 ton. The vehicle model has five degree of freedoms (DOFs) considering
transversal, longitudinal, vertical, pitching, and rolling motions as shown in Figure 1. The
properties are shown in Table 1. The length of truck is 7 m. The natural frequency of longitu-
dinal motion of the vehicle model is about 2.052 Hz. The slip or turning over of vehicles on
the bridge during the earthquakes was not considered in this study.

‘ 0,

Rolling @)

Sway

Bouncing

Longitudinal

Pitching

Figure 1: Vehicle model of 5DOF. (reproduced from [11])
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Natural frequency Spring constant Damping coefficient
Transversal & 2.052 Hz 4.156< 10° N/m 4.284X 10* N-s/m
longitudinal
Vertical 3.477 Hz 1.193 X107 N/m 5.871X10* N-s/m
Pitching 2.697 Hz 2.326X10" N'm/rad  1.505%10° N-m-s/rad
Rolling 1.739 Hz 9.665 < 10% N-m/rad 4.756 X 10* N'm-s/rad

Table 1: Properties of 5DOF vehicle model. (reproduced from [11])

2.2 Bridge model

The target bridge was designed in 2009 according to the design specifications for the Japan
highway bridges. The bridge model (Figure 2) used in this study was a 3-span continuous
non-composite steel plate girder bridge with two vehicle lanes. The superstructure of the
bridge model contains an orthotropic plate supported by five girders. The girders, reinforced
concrete (RC) piers and abutments were modelled with beam elements and the plate was
modeled with shell elements. The properties of cross section and mechanical properties are
given in Table 2 and Table 3. Rayleigh damping was adopted [12].

Strong earthquakes may cause non-linear behaviors of bridges. The failure mode of this
bridge was predicted to be in the longitudinal direction. The bridge included isolation bear-
ings of bi-linear force-displacement relationship on each abutment and pier (Table 4) which
moved in the longitudinal direction, and plastic hinges of tri-linear moment-rotation relation-
ships on the piers base (Table 5) which rotated along the transversal axis. The abutments were
made of concrete and performed linear behavior, while the piers were made of reinforced
concrete and performed non-linear behavior.

- 94,500 .
: 28,250 e 38,000 - 28,250 .-
Al P1 P2 A2
oW oW 3 oWl oW

11,000
9,550

Span center \ .
o Bearing
3
~ Pier top
n?gi Q <« Plastic

‘fi hinge Q@ ”:%;

11,500

Figure 2: Analytical model of bridge (unit: mm). (reproduced from [11])
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Note. * The unrealistic value 10000 was assigned herein simply for providing a relatively large rigidity.

Section Second moment of Torsional con-
Component area A area stant J (m?)
(m?) Iz (m%) Ix (m*)
Girder 0.658 0.363 4.65820 0.0075
Abutment1l  Column 33.375 17.383 495.700 61.260
(Al) Footing* 10000 10000 10000 10000
Bent cap* 10000 10000 10000 10000
Column 12 441870 36 12.643457
Pier 1 (P1) Plastic 12 10000 10000 10000
zone
Footing* 10000 10000 10000 10000
Bent cap* 10000 10000 10000 10000
Column 12 441870 36 12.643457
Pier 1 (P2) Plastic 12 10000 10000 10000
zone
Footing* 10000 10000 10000 10000
Abutment2  Column 33.375 17.383 495.700 61.260
(A2) Footing* 10000 10000 10000 10000

Table 2: Properties of cross section main components. (reproduced from [11])

Young’s modulus E (N/m?)  Shear modulus G (N/m?)  Density (kg/m®)
Girder 2.0x10 7.7x10% 7857
Pier 2.5x10% — 2500
Table 3: Mechanical properties of the bridge model. (reproduced from [11])
Qg Al P1 P2 A2
Ki(kN/m) 16304.2 | 38371 38233 16373.8
o K2 (kN/m) 1545.6 3645.0 3632.2 1551.8
8 Qy(kN) 10239 |214.88 |213.34 |102.66
3 Qe (kN)  399.33 |718.98 |708.84 |404.22
Q, Uy (M) 0.006 0.006 0.006 0.006
Us (M) 0.198 0.144 0.142 0.201
Kg(KN/m) 2013.03 | 4996.36 |4992.75 |2014.85

Note. K denotes the initial stiffness, K. the post yielding stiffness, Kg the equivalent stiffness, and (Uy, Qy) and
(Ug, Qg) indicates initial yielding point (yielding shear deformation and force) and ultimate point (yielding ulti-
mate shear deformation and force) respectively.

Table 4: Properties of bearings. (reproduced from [11])
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P1 P2

Moment

Mo Mpc (KN-m) 11297.8 11377.3
Mpyo (kKN'-m)  27749.3 27928.4
Mo (KN'm)  29725.7 29838.9

Opc (rad) 0.000103  0.000103
Opyo (rad) 0.001192  0.001198
Opu (rad) 0.048174  0.047547

Rotation

Note. Initial cracking moment My and its corresponding rotational angle 6, specifies the initial cracking point
and elastic limit, the yielding moment Myyo and rotation angle 8pyo Specifies the yielding point, the ultimate mo-
ment Myy and rotation angle 0,y specifies the ultimate point.

Table 5: Properties of plastic hinge. (reproduced from [11])

The road condition was considered to be good in this study. The roadway profile generated
based on I1SO standard [13] is shown in Figure 3. Usually effects of vehicle vibrations actuat-
ed during moving on a bridge by road roughness are relatively small compared with seismic
load effects. However, before an earthquake bridge vibration is mainly excited by vehicle vi-
brations, and the bridge vibration due to moving vehicles can be applied as initial conditions
in the dynamic analysis of bridges during earthquakes. Before seismic responses, the respons-
es by vehicles only should be identified. Therefore, this study considers the road roughness in
the analysis [9].

0.02
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0.005
0

&= —0.005

Profile height (m)

-0.01

-0.015

-0.02 \ ! !
0 20 40 60 80 94.5

Position (m)

Figure 3: Road roughness profile. (reproduced from [11])

Since the vehicle position on the bridge varies with time, the natural frequency of bridge
with vehicles standing at different loading locations were examined through eigenvalue analy-
sis of the vehicle-bridge interactive system. There were five vehicles equally spaced on each
lane and totally ten vehicles were considered in the VBI system. The natural frequency of the
first longitudinal mode of the bridge without vehicle was 1.82 Hz. Position 1 (see Table 6) is
a special condition with 2 vehicles exactly standing on the top of two piers on each lane. As
shown in Table 6, the first mode is piers’ longitudinal bending and rubber bearings’ defor-
mation mode. Two longitudinal modes and frequencies of the vehicle-bridge interactive sys-
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tem corresponds to the first longitudinal mode: vehicles in-phase (vehicles move in the same
direction as the bridge’s movement) and out-of-phase (vehicles move in the opposite direction
of the bridge’s movement) with the bridge, with the frequency of 1.43 Hz and 2.02 Hz, re-
spectively. Position 2 (Table 6) is one vehicle standing on the top of left abutment on each
lane, while Position 3 (Table 6) is one vehicle standing on the top of right abutment on each
lane and symmetrical with Position 2. For this reason, the discussion with position 3 scenario
is omitted in following sections. With position 2 and 3, frequency of vehicles in-phase mode
is 1.17 Hz and that of out-of-phase mode is 1.89 Hz. Position 4 (Table 6) is a random position
different from the above 3 ones. Frequency of vehicles in-phase mode is 1.35 Hz and that of
out-of-phase mode is 1.97 Hz.

It can be found that the bridge has varied fundamental natural frequencies as the vehicles
were moving on the bridge. Due to the presence of vehicles, the frequency of the bridge may
be changed to be larger or smaller than that of bridge alone, e.g. at position 1 the frequency of
vehicles in-phase mode is 1.43 Hz that is smaller than the natural frequency of the first mode
of bridge alone 1.82 Hz, while frequency of out-of-phase mode is 2.02 Hz, which is larger
than the natural frequency of the first mode of bridge alone 1.82 Hz. Such frequency variation
may significantly cause change in seismic responses of the bridge, as discussed below.

Bridge without vehicle  Bridge with 10 vehicles | Bridge with 10 vehicles | Bridge with 10 vehicles

(position 1) (position 2,3) (position 4)

945 189 189 189 189 945 188 188 189 189 188 4725 189 189 189 189 14175

1.82 Hz vehicles in phase with | vehicles in phaée with | vehicles in phase with

\ the bridge the bridge the bridge
1.43 Hz 1.17 Hz 1.35Hz

vehicles out of phase vehicles out of phase vehicles out of phase
with the bridge with the bridge with the bridge
2.02 Hz 1.89 Hz 1.7 Hz

\\

Table 6: Comparison of natural frequencies and mode shapes of the bridge based on equivalent stiffness without
vehicle and with vehicles standing on different positions. (reproduced from [11])

2.3 Moving vehicle configuration

To investigate the effect of moving vehicles on the seismic response of the highway via-
duct, the following scenario was considered. Figure 4 shows the moving pattern of heavy ve-
hicles. It was assumed that the earthquake happened when the bridge was fully loaded with
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moving vehicles. In other words, only the seismic response of the bridge fully loaded by mov-
ing vehicles is discussed in this study. All vehicles are assumed to travel with the constant
speed of 2.7 m/s (9.72 km/h). The spacing between adjacent vehicles is 18.9 m. Comparing
the responses in this scenario with another scenario, disregarding vehicular loadings, can be
useful to elucidate the effects of continuously moving vehicles.

e Double node

Vehicles moving
position

Al

Figure 4: The bridge model with continuously moving vehicles. (reproduced from [11])

3 GROUND MOTIONS

Two particular ground motions were considered herein: 2011 Tohoku earthquake and 2016
Kumamoto earthquake. Their characteristics are given as follows.

3.1 Tohoku earthquake

The strong ground motion records of Tohoku earthquake clearly showed that this earth-
quake generated ground motions with multiple pulses and longer duration, compared to the
1995 Kobe Earthquake lasting about 20 seconds. Figure 5 shows the time history of Kaihoku
Bridge, Ishinomaki EW component, a modified ground motion of Level 2 Type | recom-
mended by JRA [14] used herein, which was obtained from the recorded ground motion in the
Tohoku earthquake at the measurement station of Kaihoku Bridge, Ishinomaki. The designa-
tion of EW indicates data channels of East-West direction. The Level 2 ground motion indi-
cates the extreme design ground motion with low occurrence probability such as Kobe
earthquake in 1995 and Type | indicates inter-plate earthquakes. For the highway bridge
adopted in this analysis, the ground condition is classified as Group I soil in the design code,
which is defined as dense to stiff soil having a natural period of 0.16 — 0.6 s in the surface
ground.

As shown in Figure 5, the ground motion contains two attacks with a spacing of about 50
seconds and lasts for about 240 seconds. The first attack has smaller peak value of accelera-
tion (5.12 m/s?) than the second attack does (7.95 m/s?). The figure shows a drastic change in
amplitude and spike-like phases, which all corresponds to the characteristics of the records on
the liquefied ground. The sampling frequency is 100 Hz.

Figure 6 shows the acceleragram, Fourier amplitude spectrum and pseudo acceleration re-
sponse spectrum (damping ratio h = 0.05) of the modified ground motion. The modified
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ground motion was obtained by fitting its response spectrum to the target response spectrum.
Periods (and frequencies) in the legend of response spectrum and Fourier amplitude spectrum
are natural periods (frequencies) of vehicle’s longitudinal mode, the first natural periods (fre-
quencies) of the bridge’s longitudinal modes disregarding vehicles and regarding vehicles as
dynamic system (at Position 1, 2 and 4) respectively.

For computation efficiency, a shorter ground motion (referred to as GM1 hereafter) was
extracted from the 20th to 140th second of the full record and then applied to the aforemen-
tioned VBI model. The ground motion was applied in the longitudinal direction because the
piers’ bending resistance is weakest in this direction according to the formal design.

Peak= ~7.95 m/s? (0.811 g)

T ]
8 4
6 4
4
2
0

-2

-4

-6

-8

L -

L
40 80 120 160 200 240
Time (s)

Figure 5: Kaihoku Bridge, Ishinomaki EW component (GM1).
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Figure 6: Accelerogram, response spectrum and Fourier spectrum of strong shaking interval (20 s ~ 140 s) of
Kaihoku Bridge EW component (GM1): (a) accelerogram, (b) Fourier amplitude spectrum, (c) pseudo accelera-
tion response spectrum.
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3.2  Kumamoto earthquake

Figure 7 shows the acceleration time histories of the NS and EW components of the
ground motion recorded at Mashiki town (referred to as GM2 hereafter) [15]. The strong mo-

4757



Sudanna Borjigin, Chul-Woo Kim, Kai-Chun Chang and Kunitomo Sugiura

tion record above the heavily damaged Mashiki residential area recorded over 1.0g in the EW
direction. The designations of EW and NS in the figures, respectively, indicate data channels
of East-West, North-South directions. The maximum acceleration is 6.53 m/s? in the NS com-
ponent and 11.57 m/s? in the EW component. In the seismic analysis, EW component was ap-

plied to the longitudinal direction and NS was applied to the transverse direction of the bridge
structure.

15 15

10 EW component

10 NS component
Peak=11.57 m/s?(1.18g)

Peak=-6.52 m/s%(0.67g)

Acceleration (m/s?)
o

Acceleration (m/s?)
o

-10 -10

-15 -15
Time (s) Time (s)

Figure 7: Accelerogram of Mashiki town EW component and NS component (GM2).

4 NUMERICAL METHOD

The equation of motion for a vehicle is written as [16] [17]

M i+ Clat— 9 )+ K,(u —v. 1 =0 1)

where My, Cy, and K, respectively denote the mass, damping, and stiffness matrices of the ve-
hicle, and where u represents the vector of vehicle’s displacements and rotations at its degrees
of freedom. A dot denotes the derivative with respect to time. yc is the wheel displacement
vector at the contact point. It is the summation of bridge displacement w¢ and roughness r. at
that point.

The equation of motion for the bridge model is written as

Myt + Coir + Kpv = frooie + fup (2)

where My, Cp and Ky respectively stand for the mass, damping, and stiffness matrices of the
bridge, and where v represents the vector of bridge’s displacements and rotations at its de-
grees of freedom. Also, fsis IS the seismic loading. The force exerted by vehicle to bridge fw is
the summation of vehicle weight, spring forces, and damping forces.

The two equations of motion (1) and (2) above are solved in a direct time integration
manner to solve them at a certain time step t+At (At is a finite small time increment) using the
solution in previous time step t and the approximations for the derivatives. Newmark p-
method [26] is adopted to solve equations of the equations of the vehicle and bridge system.
The value of 0.25 is adopted for  to obtain stable and accurate solutions.

The Recursive Substructure Method (RSM) [11] was utilized to simulate the dynamic re-
sponses of bridges and moving vehicles under particular earthquake [18] [19]. It integrates the
conventional nonlinear dynamic analysis in ABAQUS into the authors’ in-house VBI-solving
programs developed with MATLAB. The bridge Finite Element model is built in ABAQUS,
and nonlinear dynamic analysis of bridge is conducted in ABAQUS. The vehicle model is
built and the roughness profile is constructed in MATLAB. MATLAB controls the recursive
ABAQUS executions and to perform time integrations in VVBI problem. The time step of sim-
ulations was 0.01 s, being the same as the sampling period of the ground motion record.
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5 SEISMIC RESPONSES OF HIGHWAY BRIDGE

5.1 Displacement responses of pier top and relative displacement of bearing

The shear force-displacement hysteresis loops of bearing, the longitudinal displacement re-
sponses of pier top and the moment-rotation hysteresis loops at pier base of P1 under GM1
are depicted in Figures 8-10 as typical example, and those of Al, P2 and A2 are omitted here
for simplicity. As shown in Figure 9, the maximum displacement of pier top P1 under GM1 is
about 0.04 m during first attack, and nonlinear behavior happened that caused a drift in the
response of approximately 0.01 m. There is very little difference between the results with and
without vehicle during the first attack. However, during the following second attack, which is
like a strong aftershock of the first attack, the maximum displacement of the bridge appears
and the displacement responses under second attack have larger amplitudes than those during
first attack. From this phenomenon the larger residual displacement can be predicted. It is
noteworthy that significant difference between two scenarios disregarding and regarding ve-
hicles in the second attack could be found and the moving vehicles tend to reduce the dis-
placement responses of the bridge, which indicates the presence of vehicles mitigates the
variation tendency of the displacement response of the bridge while subjected to multi-attacks
ground motions.

The relative displacements of bearings considering VBI under GM1 were slightly changed
from those disregarding vehicles as indicated in Figure 8 and Table 7. The maximum relative
displacements decreased by 0.6% for Al, by 3.8% for P1 and by 0.8% for P2, but increased
by 2.4% at A2. The reason may be added damping and mass damper effect due to vehicle on
the bridge. Another reason may be that the vehicle-bridge out-of-phase modes were excited
by the ground motion and the vehicle’s suspension system would suffer a larger deformation
and dissipate more energy that was supposed to be dissipated by the rubber bearings. For ex-
ample, the natural frequency of the vehicle-bridge out-of-phase mode in the Position 4 scenar-
10 is 1.971 Hz and it might be excited by the ground motion as indicated in Figure 6(b), and
the out-of-phase mode might be excited by the ground motion. It can be said that the current
seismic design disregarding vehicle dynamics was conservative if the rubber bearings were of
concern.

5

g x<10° x10°

P1 w/o vehicle P1 w/ vehicle

Force (N)
o N E [=>]

Force (N)

202 -015 -01 -005 0 005 01 015 02 202 -015 -01 -005 ©0 005 01 015 02
Displacement (m) Displacement (m)

Figure 8: Hysteresis loop of bearing at P1 pier top under GM1, disregarding moving vehicles (left) and consider-
ing moving vehicle (right).
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Displacement Reduction ratio * %

S
e 02 o
o W 02 o
o w0 080

Note. *reduction ratio is defined as the average displacement reduction from the w/o-vehicles case to the w/-
vehicles case divided by the average displacement in the w/o-vehicles case.

Table 7: Maximum relative displacement of bearing under GM1 (unit: m).

The maximum longitudinal displacements of span center under GM1 were reduced when
the moving vehicles presented by 1.8% as indicated in Table 8. Span center displacement is
the summation of pier top displacement and bearing’s relative displacement. Referring to Ta-
ble 7 and 8, the span center maximum displacements and the bearing’s maximum relative dis-
placements are at a similar level (0.12 — 0.17 m), while the span center maximum
displacements and the pier top maximum displacements (only about 0.06 m from Figure 9)
are not. It indicates that the span center maximum displacements were more dominated by
bearings’ maximum relative displacements. As mentioned above, when the vehicles were
considered on the bridge system, two modes appeared relevant to the first longitudinal mode
of the bridge alone: vehicle-bridge in-phase and out-of-phase modes. Although the out-of-
phase modes were excited by the ground motions to a similar level with the original bridge-
alone mode was (see the pseudo acceleration response spectrum in Figure 6(c)), the phase-
difference between vehicles and bridge might help bearings absorb energy and therefore re-
duce the bearings’ relative displacements as well as the span center displacements.

The maximum displacements of pier tops were generally reduced when the moving vehi-
cles presented (see Figure 9), and so were the residual displacements of pier tops as well as
span center. Such ground motion caused the maximum displacement up to about 0.066 m and
the residual displacement about 0.03 m at pier tops. But if vehicle-bridge interaction was con-
sidered, the reduction for maximum displacements was up to 19% and for residual displace-
ment responses was 36%. The maximum displacement decreased by 13.8% at P1 pier top and
19.3% at P2 pier top; the residual displacement decreased by 31.6% at P1 pier top, 35.9% at
P2 pier top, and 21.4% at span center, when vehicle-bridge interaction was considered. It
could be concluded that the vehicles have a significant positive effect on the bridge’s nonline-
ar displacement responses. When the moving vehicles were considered, the maximum rotation
of the plastic hinge at pier base was smaller than those without vehicle under the ground mo-
tion (see the moment-rotation hysteresis loops in Figure 10), indicating that the bridge suf-
fered from weaker plastic deformations. Table 9 quantifies the reduction of the maximum
rotation: 37.5% at P1 pier base and 39.3% at P2 pier base. This trend is in line with that of the
maximum longitudinal displacement of the pier tops, because pier top displacements and pier
base rotations are related to each other acknowledging the fact that pier top displacements
were majorly caused by pier-base rotations and pier deformations. The reason for the reduc-
tion in these responses can be pier base rotation and pier deformation’s complex combination
with out-of-phase motion of the system.
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Figure 9: Longitudinal displacement responses of the pier top P1 under GML1.
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Figure 10: Hysteresis loop of plastic hinge at pier P1 base under GM1, disregarding moving vehicles (left) and
considering moving vehicle (right).
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Note. *reduction ratio is defined as the average displacement reduction from the w/o-vehicles case to the w/-
vehicles case divided by the average displacement in the w/o-vehicles case.

Table 8: Displacement responses of the bridge under GM1 (unit: m).

Pier Rotation Reduction ratio* %
w/o 0.0024

PL Wi 0.0015 815
w/o 0.0028

P2 w/ 0.0017 39.3

Note. * reduction ratio is defined as the average rotation reduction from the w/o-vehicles case to the w/-vehicles
case divided by the average rotation in the w/o-vehicles case.

Table 9: Maximum rotation of plastic hinge at pier base under GM1 (rad).
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The hysteresis loop of bearing at P1 pier top and the longitudinal displacement responses
of pier top under GM2 are depicted in Figures 11 and 12 as typical example, and those of Al,
P2, A2 and the moment-rotation hysteresis loops at pier base are omitted here for simplicity.
The maximum relative displacements of bearings considering VBI under GM2 increased up
to 10% at Al, P1 and P2, but decreased slightly at A2 as indicated in Table 10. The maximum
longitudinal displacements of pier tops were slightly reduced and the maximum displacement
of span center was amplified a little, when the moving vehicles presented as shown in Table
11. The residual displacements of observation points were amplified by considering vehicle-
bridge interaction up to 17% compared with those without considering vehicle-bridge interac-
tion. Under strong ground motion GM2, the consideration of vehicle dynamics might yield
larger longitudinal displacement and maximum relative displacement of bearing than those
with bridge alone. The maximum rotation of the plastic hinge at pier base was reduced about
10% under moving vehicles compared with those with bridge alone subjected to GM2.
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Figure 11: Hysteresis loop of bearing at P1 pier top under GM2, disregarding moving vehicles (left) and consid-
ering moving vehicle (right).
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Note. *reduction ratio is defined as the average displacement reduction from the w/o-vehicles case to the w/-
vehicles case divided by the average displacement in the w/o-vehicles case.

Table 10: Maximum relative displacement of bearing under GM2 (unit; m).
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Figure 12: Longitudinal displacement responses of the pier top P1 under GM2.
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Note. *reduction ratio is defined as the average displacement reduction from the w/o-vehicles case to the w/-
vehicles case divided by the average displacement in the w/o-vehicles case.

Table 11: Longitudinal displacement responses of the bridge under GM2 (unit: m).

Pier Rotation Reduction ratio*%
w/o -0.026298

PL Wi -0.023652 101
w/o -0.026038

P2 w/ -0.023504 9.7

Note. * reduction ratio is defined as the average rotation reduction from the w/o-vehicles case to the w/-vehicles
case divided by the average rotation in the w/o-vehicles case.

Table 12: Maximum rotation of plastic hinge at pier base under GM2 (unit: rad).

In general, in case of fully loaded traffic condition under strong earthquakes, ignoring ve-
hicle effects would be on the non-conservative side. The vehicles had a significant negative
effect on the bridge’s nonlinear displacement responses.
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5.2 Acceleration responses

Figure 13 shows the time history of the longitudinal acceleration observed at P1 pier top
for example. The peak and RMS values of longitudinal acceleration responses of observation
points are summarized in Figure 14.

From the peak and RMS values of longitudinal acceleration responses at span center and
pier tops shown in Fig. 12, it is readily apparent that vehicles reduced the peak at span center
and RMS values at span center and pier tops compared with that of disregarding vehicles,
even if the peak values of acceleration responses at pier tops were amplified. The reduction in
bridge acceleration could be explained by the relationship between the bridge’s fundamental
frequency and the response spectra of ground motions. The in-phase modes of the system
were excited by the ground motions to cause the seismic responses of the bridge to a level
lower than the original bridge-alone modes was. For example, in the pseudo acceleration re-
sponse spectrum of the ground motion (Figure 6(c)), the spectral acceleration corresponding
to the natural period (0.742 s, i.e. 1.348 Hz to the natural frequency) of the vehicle-bridge in-
phase mode in Position 4 scenario, is smaller than that corresponding to the natural period
(0.549 s, i.e. 1.822 Hz) of the bridge alone. The additional vehicle dynamics might move the
system’s fundamental period to a more favorable part of the spectrum where the spectral ac-
celerations are less than the conventional case disregarding vehicle. Another reason may be
the vehicles act as mass-spring-damper systems on the bridge. The natural period (0.549 s, i.e.
1.822 Hz) of the bridge alone and the longitudinal natural period (0.487 s, i.e. 2.052 Hz) of
the vehicle are indicated in pseudo acceleration responses spectra of the ground motion in Fig.
6(c) and the vehicle and bridge would be excited by the ground motions. The vehicle resonat-
ed out of phase with the bridge motion and caused a phase difference in the bridge structural
response, which affects the acceleration responses in way of a damper-like action.

-==-P1 w/ vehicle
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Acceleration (m/s?)

20 40 60 80 100 120
Time (s)

Figure 13: The time history of longitudinal acceleration responses of the bridge at pier top of P1 under GM1.
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Figure 14: Peak (left) and RMS values (right) of longitudinal acceleration response of the bridge under GM1.
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Figure 15 shows the time history of longitudinal acceleration responses of P1 pier top un-
der GM2 as a typical example. Figure 16 shows the peak and RMS values of longitudinal ac-
celeration responses of P1, P2 pier top and span center under GM2. As expected, they
presented differently between the cases of regarding and disregarding moving vehicles. From
the time histories, peak value and RMS values of longitudinal acceleration responses of ob-
servations points, it can be known that the longitudinal acceleration responses of the bridge
generally decreased when the vehicles were considered in comparison with those when the
vehicles were not considered. The observations presented herein showed that ignoring vehicle
effects might be conservative when the acceleration responses were of concern.
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Figure 15: The time history of longitudinal acceleration response of P1 pier top under GM2.
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Figure 16: Peak (left) and RMS values (right) of longitudinal acceleration response of the bridge under GM2.

6 CONCLUSIONS

e In the longitudinal displacement, the presence of moving vehicles tends to reduce the
maximum displacement and the permanent displacement under ground motion of Tohoku
earthquake; reduce the maximum displacement and amplify the permanent displacement
under ground motion of Kumamoto earthquake.

¢ In the bearing’s relative displacement, the presence of moving vehicles tends to reduce
the maximum displacement under ground motion of Tohoku earthquake, and amplify un-
der ground motion of Kumamoto earthquake.
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e The presence of moving vehicles reduced the RMS values of acceleration responses

slightly even if increased the peak values of acceleration responses of bridge under
ground motion of Tohoku earthquake;

e The results emphasized the need and importance of considering vehicle-bridge interac-

tion as well as different ground motions in seismic design of bridges.

e The current assumption of ignorance of vehicle effect in seismic design of highway

bridges might be non-conservative.
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