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In this study, the mechanisms associated with the seismic response of a long-period structure when sub-
jected to a long-period seismic excitation are clarified. A typical scale cable-stayed bridge with
prestressed concrete girders (PC cable-stayed bridge) was selected for analysis. First, we simulated long-
period components of the ground motion at the site of the Ji-Lu Bridge, which was damaged in the 1999
Chi-Chi, Taiwan earthquake, and the damage of the bridge was assessed by nonlinear seismic analysis
using the simulated ground excitations. Second, shaking table tests of a model PC cable-stayed bridge
were carried out, in consideration of the similarity law, to clarify the mechanisms involved, focusing on
the linear and nonlinear seismic responses of the tower and cables.
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1. INTRODUCTION

The infrastructure sustaining our socio-economic
activity has been affected by recent severe earth-
quakes. These earthquakes are classified depending
on the two distinct event mechanisms involved:
plate boundary and inner slab earthquakes (far-field
earthquakes), and active fault earthquakes (near-
field earthquakes). The former excite long-period
and long-duration ground motion, and the latter ex-
cite ground motion that contains strong, short-
duration impulse components. Although both types
of earthquakes cause devastating damage to infra-
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structure because their resonant frequencies match
the dominant frequencies of the ground motion, the
damage to infrastructure caused by far-field earth-
quakes has been investigated more extensively. The
reason for this is that large far-field earthquakes
have occurred in recent years, such as the 2003 To-
kachi-oki earthquake and the 2004 Sumatra-
Andaman earthquake. In the Tokachi-oki earthquake,
a terrible fire occurred at an oil tank located on the
Tomakomai Plain due to sloshing of its contents
resulting from the long-period seismic excitation.
The source of the Sumatra-Andaman earthquake is
estimated to be a region about 1000 km wide from



north to south, with a fault length of about 560 km,
a fault width of about 150 km, and a maximum dis-
location of about 13.9 m. In addition to these previ-
ous far-field earthquakes, the possibility of a Tokai,
Toh-Nankai, or Nankai Earthquake in the next 30
years is considered to be very high. Since far-field
earthquakes excite long-period and long-duration
ground motion, long-period structures subjected to
their seismic excitation might be severely damaged.
In terms of the definition of the range of the ‘long-
period’ and ‘long-duration’, it has been established
from the field of strong motion seismology that the
fundamental period of a ground motion reaches to
more than about 2.0 sec or 2.5 sec and the long-
period components contain dominantly in the
ground motion, and in addition the duration of the
main and subsequent excitation becomes more than
several minutes that correspond to more than 3.0
minutes or 4.0 minutes."

On the other hand, large active-fault earthquakes,
such as the 1999 Chi-Chi, Taiwan earthquake, ex-
cite long-period components from 1.0 sec to 2.0 sec
due to the large rupture of the fault. In this earth-
quake, strong ground motion was observed due to
the rupture of the Chelungph Fault, which is about
80 km wide from north to south and about 40 km
wide from east to west; in fact, ground surface
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movement of several meters occurred along the fault.

A large cable-stayed bridge constructed of
prestressed concrete girders (PC cable-stayed
bridge) located about 6 km from the epicenter was
damaged by the seismic excitation; for example, the
cover concrete of the longitudinal reinforcements on
its tower bottom spalled off.?" ¥ This was an im-
portant opportunity to analyze the bridge in order to
understand the damage mechanisms of long-period
structures when subjected to long-period compo-
nents of a ground motion, because there are few re-
corded historical incidents of this type.

Many researchers are involved in computer-based
simulations to predict long-period ground motion
due to a large far-field earthquake. Kamae et al.,”
for instance, carried out a simulation of the ground
motion that would be excited in the Osaka Plain due
to the anticipated Nankai earthquake using the finite
differential method. The simulation of long-period
ground motion with a period of more than 2.0 sec or
2.5 sec agreed well with observatory records; there-
fore, these simulated ground motions may be useful
as input ground motions in conducting seismic re-
sponse analyses of long-period structures.

The seismic damage of a structure subjected to
this simulated ground motion could be assessed be-
cause the finite differential method simulates the
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effects of 1) the rupture process, 2) the underground
structure, and 3) the ground surface. Otsuka et al.®
evaluated long-period ground motion at the site of a
planned long-span bridge structure in Tokyo Bay by
adopting the same method as described above. Ko-
mori et al.” clarified the effectiveness of strengthen-
ing the structural components of large bridges in the
Metropolitan Expressway by using their own simu-
lated long-period ground motion.

Many researchers are involved in theoretical and
numerical simulations to understand the mecha-
nisms associated with the seismic response of cable-
stayed bridges. For instance, Nazmy and Abdel-
Ghaffar ®”  developed a theoretical evaluation
model of the seismic response of large cable-stayed
bridges, and they conducted numerical studies based
on their theory.

In contrast to these theoretical and numerical
studies, however, the seismic responses of cable-
stayed bridges have not been sufficiently studied
experimentally. Vilaverde and Martin'® carried out
seismic shaking table tests on models to evaluate the
effectiveness of seismic control devices for cable-
stayed bridges. Kawashima et al.'" evaluated the
damping mechanism of cable-stayed bridges in ex-
perimental studies using 1/150-scale models. Kita-
zawa et al.'” investigated the effectiveness of damp-
ers installed on the Higashi-Kobe Bridge by shaking
table tests.

Despite the abundance of data from these studies,
the mechanisms involved in the seismic response of
cable-stayed long-period bridges when subjected to
a long-period component of ground motion have not
yet been sufficiently clarified from theoretical and
experimental points of view. Especially, no experi-
mental studies to clarify the seismic response of a
cable-stayed bridge when subjected to a long-period
ground motion by considering the similarity ratios
of a bridge model with a prototype cable-stayed
bridge, have ever tried.

In view of the above, in this study the mecha-
nisms associated with the seismic response of a PC
cable-stayed bridge when subjected to a long-period
ground motion were clarified by conducting seismic
response analyses and shaking table tests consider-
ing the similarity law. This study defined the ‘long-
period’ of a ground excitation as the period of more
than 2.0 sec or 2.5 sec referring the previous defini-
tion. The natural period of the subject long-period
structures was from 2.0 sec to 3.0 sec. The long-
period components of the simulated ground motion
in the 1999 Chi-Chi, Taiwan earthquake and the
simulated long-period ground motions in the antici-
pated Nankai earthquake were used as the input gro-
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Fig. 1 Damage to the Ji-Lu Bridge. Y

Table 1 Structural characteristics of the Ji-Lu Bridge.

Structural type Two-spanned PC cable-stayed bridge
Total length / span | 240 m/ 120 m

Height of tower 58 m

Tower Hollow type RC

Pier RC, elliptic section of 6.0 mx6.3 m
Foundation Pile foundation

Table 2 Tensions of cables.

Cable No. | Tension (MN) Cable No. Tension (MN)

1 7.54 10 5.72
2 6.15 11 5.84
3 5.33 12 6.54
4 5.06 13 6.05
5 5.06 14 6.28
6 5.15 15 6.54
7 5.30 16 6.53
8 5.44 17 5.51
9 5.58

und motions in the numerical analyses and the shak-
ing table tests. First, we analyzed the seismic dam-
age to the Ji-Lu Bridge in the 1999 Chi-Chi, Taiwan
earthquake using the simulated long-period ground
motions, and second, the mechanisms associated
with the seismic response of a PC cable-stayed
bridge when subjected to the simulated long-period
ground motions in the 1999 Chi-Chi, Taiwan earth-
quake and the anticipated Nankai earthquake, were
clarified by conducting shaking table tests.

2. SIMULATION OF INPUT GROUND
MOTION AT THE SITE OF THE JI-
LU BRIDGE DUE TO THE 1999 CHI-
CHI, TAIWAN EARTHQUAKE

(1) Ji-Lu bridge and its seismic damage
The subject bridge is the Ji-Lu Bridge, a two-span
PC cable-stayed bridge located about 6 km S30W of
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the epicenter of the 1999 Chi-Chi, Taiwan earth-
quake. Its longitudinal direction is from north to
south. Table 1 shows its structural characteristics.
The tower and the pier are constructed of reinforced
concrete (RC) columns and the sectional area of the
tower is 4.0 mx 3.0 m at the top, increasing to 6.0
mx 3.0 m at the bottom. The area ratio o, of the
longitudinal reinforcements and the volume ratio o,
of the hoop reinforcements are respectively 2.88%
and 4.73% at the top of the tower, and 2.94% and
14.17% at the bottom of the tower. The cross sec-
tion of the pier is elliptic and its sectional area is 6.0
mx 6.3 m. The area ratio p, of the longitudinal re-
inforcements and the volume ratio o, of the hoop
reinforcements of the pier are 1.10% and 1.89%,
respectively. The bridge cables are of the 2-plain
type and the total number of cables is 68. Table 2
shows the tension strengths of the cables. The cable
numbers indicated in Table 2 correspond to those
indicated in Fig. 1 described below.

Fig. 1 shows the damage to the Ji-Lu Bridge.”
The bridge was under construction during the event
and four precast panels near the rigid connection
between the tower and the deck were not yet built.
The cover concrete on the east and west sides at the
bottom of the tower spalled off and the longitudinal
reinforcements were buckled. Shear cracks occurred
in the beams of the piers because the deck moved in
the transverse direction. The reason for this damage
is that the bridge was subjected to strong ground
motion in the transverse direction, namely, from east
to west. Moreover, the deck concrete at the joint
section between the deck and the tower spalled off,
and local buckling of the longitudinal bars in the
deck occurred at the south part of the joint section.
The diagonal cables at the anchorage section were
pulled out.

Kosa ef al.” and Tai and Liou" analyzed the vi-
brational modes of the bridge, as shown in Table 3.
The first mode is predominant in the transverse di-
rection from east to west, the second mode is the
anti-symmetric longitudinal vibration from north to



Table 3 Natural periods of the Ji-Lu Bridge. >»'3

Mode .| P o) | remes 3 o)
) 1.99 2.28
2 1.66 1.80
3 1.19 1.05
4 1.08 1.03
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Fig. 2 The analysis region.

south, the third mode is the vertical vibration, and
the fourth mode is the sway mode in the longitudi-
nal direction from north to south.

(2) Simulation of input ground motion at the site

of the Ji-Lu bridge

In this section we simulate the seismic ground ex-
citation at the site of the Ji-Lu Bridge, which is used
as the input ground motion when conducting the
seismic dynamic analyses and the shaking table
tests. Because the ground excitation at the site of the
Ji-Lu Bridge was not recorded during the 1999 Chi-
Chi, Taiwan earthquake, the dependence of the
long-period components of the simulated ground
excitation with the damage to the bridge can be ob-
tained by doing seismic dynamic analyses with the
simulated ground excitation as the input ground mo-
tion for the Ji-Lu Bridge. As well as in the seismic
response analyses, in the shaking table tests, the
simulated ground excitations of the anticipated
Nankai earthquake, computed by Kamae et al.,” are
used. They adopted hybrid method to simulate both
short-period components and long-period ones of
the subject ground motion, then we used long-period
components of the simulated ground excitations of
the anticipated Nankai earthquake.
a) Analysis region

The 1999 Chi-Chi, Taiwan, Earthquake of M, =
7.6 occurred on September 21, 1999, with its epi-
center in the town of Chi-Chi, Taiwan. The Che-
lungph Fault ruptured for about 80 km from north to
south, resulting in severe ground dislocation.'”
From the rupture size of the Chelungph Fault, we set
an analysis region 119 km wide from north to south
and 74.5 km wide from east to west in the
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Fig. 4 Underground structure model (modified the results from
references 14, 15).

plain, as shown in Fig. 2. The locations of the epi-
center, the subject bridge, and the observatory sta-
tions are shown in Fig. 2.
b) Source model

The fault source model derived by Sekiguchi and
Iwata'? was used, as shown in Fig. 3. From their
model the fault sources were 80 km wide from north
to south, 40 km wide from east to west, and 25 km
deep. The rupture surface of the fault was classified
into 26 * 13 subfaults, and then each subfault was
modeled as a point source. The rupture process of
each point source was modeled as eight time win-
dows. The width of each window was 2 sec, and the
phase difference between two successive windows
was 1.2 sec. The derivative of the smoothed ramp
function was used for the source time function.
¢) Underground structure

Chung and Yeh" evaluated the velocity structure
in the region from 22.7 to 23.7 degrees north lati-
tude and from 120.0 to 121.0 degrees east longitude
using a dispersion analysis. The subject under-
ground structure in the region shown in Fig. 2 was
assumed to be the same as the above structure used
by Chung and Yeh. Fig. 4 and Table 4 show the
underground structure in the section from east to
west. The boundary lines between the mountains
and the foothills and between the foothills and the
plains were determined based on topographical
maps of the region.'® The surface structure in the
plains down to 200 m beneath the surface was esti-
mated as shown in Table 4 from the velocity struc-



Table 4 Parameters of the velocity structure (modified the re-
sults from references 14, 15).

Layer No. Vp (m/s) (nlq/fs) Mass density (kg/m®) 0 (Hz)
1 1000 500 1600 90
2 1980 900 2100 100
3 2900 1320 2200 100
4 3476 1580 2300 150
5 3484 1960 2400 200
6 4551 2560 2500 250
7 2000 1000 1900 90
8 2880 1550 2000 100
9 3150 1700 2050 200
10 4370 2500 2300 250
11 5130 2850 2400 250
12 5900 3300 2600 270
13 3480 1960 2400 200
14 4480 2620 2500 250
15 5250 3030 2600 250
16 5830 3350 2650 270
17 6210 3610 2700 300
18 6410 3710 2750 350
19 6830 3950 2800 400
20 7290 4210 3000 500
21 7770 4490 3100 500
22 8050 4680 3100 500
Table 5 Numerical conditions.
Values
Conditions
Region 1 Region 2
Upper frequency limit 0.5 Hz
No. of sample points 12000
Time integration 0.005 sec
Time duration 60 sec
Horizontal Horizontal
200 m 600 m
Mesh size
Depth Depth
100 m 300 m
Depth at the boundary between
region | and region 2 24 km
No. of mesh grids of absorbing
boundary 60 20
bD:;rrlll‘Jilanr%/ ratio of absorbing 0.005 0015

ture obtained from the microwave survey by Toki-

matsu and Sekiguchi.'”

d) Numerical algorithm:
method

Among the numerous finite differential algo-
rithms available, in this study we adopted the one
proposed by Aoi and Fujiwara,''” which is a
fourth-order approximation for the spatial derivative
and a second-order one for the time derivative with
discontinuous grids.

The spatial region simulated was 119 km wide
from north to south, 74.5 km wide from east to west,
and 55 km deep, including the absorbing boundary.
Table 5 shows the parameters used in the numerical
simulation. The frequency limit was set to 0.5 Hz
because we are concerned only with long-period
components of seismic excitations of more than 2.0

finite differential
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Fig. 5 Spatial region for simulation.

sec.

To guarantee numerical stability in the explicit
approximation of the wave equation, it is necessary
to restrict the wavefront propagation in a unit time
step At to a unit grid. For grid distance 4, the neces-
sary condition for numerical stability in the finite
differential scheme is:*”

At < 0.495L
14

max

(1

where V. 1s the maximum wave velocity. For the
reason described above, the time step Ar was set to
0.005 sec and the time duration to be simulated was
set to 60 sec shown in Table 5.

Levander™” indicated that a grid distance / of less
than one-fifth of the simulated wave length is re-
quired in the fourth-order approximation of the fi-
nite differential scheme. It has also been shown that
the numerical damping and dispersion become
stronger when the analyzed wave length becomes
much shorter than one-fifth.*?" * As shown in Ta-
ble 4, the S wave length in layer 1 was a minimum
of 500 m (V4 =500m/s). In addition, considering the

frequency limit of 0.5 Hz, the analyzed wave length
was 1000 m. Hence, the grid distances in the region
1 in the x direction and the y direction, that are

horizontal directions, were the same, namely 200 m.
The grid distance in the region 1 in the z direction,
that is vertical direction, was set to 100 m. The rea-
son for this is that the numerical accuracy is
strongly dependent upon the mesh size in the z di-
rection. The discrepancy of the phase between the
simulated waveforms and the observed waveforms
became larger when the mesh size in the z direction
was set to 200 m compared to when it was set to 100
m.

In the Aoi and Fujiwara method, discontinuous
mesh grids are defined to reduce the CPU memory
required for the simulation. As shown in Fig. 5, re-
gion 1, in which the grid size is set to be smaller, is
suitable for the complex surface structure and region
2, in which the grid size is set to be larger, is suit-
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Fig.6 Comparison of the simulated waveforms with the observatory records.

able for the deeper underground structure. The grid
size in region 2 was set to be 3 times larger than that
in region 1. Since the depth of the fault source was
about 24 km beneath the ground surface, the depth
of the discontinuous surface between region 1 and
region 2 was set to be 24 km beneath the ground
surface. The absorbing boundary was based on the
one proposed by Cerjan et al*” and the non-
reflection one proposed by Clayton and Engquist.>”
The number of mesh grids and the damping ratios of
the absorbing boundary were set by referring to the
numerical study of Aoi and Fujiwara'®, as shown in
Table 5.
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(3) Simulation of the seismic excitation
a) Comparison of the simulated waveforms with

the observatory records

The simulated waveforms were compared with
the observatory records of the Central Weather Bu-
reau (CWB),*® as shown in Fig. 6. Eleven records
were used in the comparison. All simulated and ob-
served waveforms were filtered by a band-pass filter
from 2.0 sec to 20.0 sec.'®?” The seven simulated
waveforms at observatory stations CHY074,
TCU078, TCU079, TCU089, TCUO71, TCUO72,
and TCUOQ74 agreed well with the observed records
in terms of the accuracy of the amplitude and phase
of the waveforms. To prove the agreement, the Fou-
rier transforms of above seven simulated waveforms
and the corresponding observed ones to the fre-
quency domain were performed. The agreement as-
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sociated with the shape and trend of the Fourier am-
plitude spectra and the Fourier phase spectra ob-
tained from the simulated waveforms and those
from the observed ones was confirmed. These sta-
tions are located in the central part and the south
part of the simulated region, on the foothills and the
mountains. In contrast, the four simulated wave-
forms at stations TCU120, TCU063, TCUO51, and
TCU136 disagreed with the observed records in
terms of the accuracy of the phase. These stations
are located in the north part of the simulated region,
on the plains. We hypothesize three main reasons
for these results: the values of the S wave velocity
and the P wave velocity in the plains were not rea-
sonable; the source model in the north part of the
simulated spatial region was not accurate and the
grid size in the surface structure in the plain was
large. The second reason is related to the fault rup-
ture in the north part, which was larger than that in
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Fig. 9 3D frame model of the Ji-Lu Bridge.

the central and south parts, and also to the fact that

the fault rupture in the north part was skewed. The

third reason is related to the upper limit of the wave

length in the plain, which was smaller than that in

the foothills and the mountains.

b) Simulation of the ground excitation at the site
of the Ji-Lu bridge

The accuracy of the simulated ground excitation
in the foothills and the mountains was verified from
Fig. 6. We simulated the ground excitation at the
site of the Ji-Lu Bridge, which is located in the
foothills. Fig. 7 shows a comparison of the simu-
lated ground excitation at the site of the Ji-Lu
Bridge with the simulated one at station TCUO07S,
which is located about 7.5 km from the bridge and
in the foothills. Fig. 8 shows their velocity response
spectra with a damping ratio of 0.05.

From Fig. 7, the amplitudes and phases were
found to differ between the simulated waveforms at
the site of the Ji-Lu Bridge and those at station
TCUO078, and from Fig. 8, the velocity response
based on those waveforms also to differ by factors
of two to three in the period from 2.0 sec to 7.0 sec.
The reason for above difference is that the distance
of the bridge and the station TCUO78 is about 7.5km
and the wave propagation depending on the fault
rupture process based on the Fig. 3 differs between
the two sites.

3. PRELIMINARY SEISMIC RESPONSE
ANALYSIS OF THE JI-LU BRIDGE
BEFORE SHAKING TABLE TESTS

(1) Model of the Ji-Lu bridge

The seismic response of the Ji-Lu Bridge when
subjected to the simulated seismic excitation derived
in the previous section was analyzed. The bridge
was modeled by the 3 dimensional (3D) frame
model shown in Fig. 9. Nonlinear beam elements
were adopted to model the tower and the pier, and
the moment-versus-curvature relationship was as-
sumed to be the idealized Takeda hysteresis
model.® The values of the moment and the curva-
ture at the crack, the yielding, and the ultimate
points were determined by referring to the research
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(c) 3rd mode
Fig. 10 Mode shapes of the numerical model of the Ji-Lu Bridge.

of Abe.”” The ratio of the unloading stiffness to the
initial stiffness was assumed to be 0.4. Because the
sectional area of the tower varied gradually from the
top to the bottom, the section of the tower was mod-
eled by three idealized sections at the top, middle,
and bottom.

A linear beam element was used to model the
main girder, and truss elements having only tension
stiffness were used to model the cables. The joint
connection between the tower and the main girder
was modeled by a rigid element. The mass of each
cable was divided into the mass at the end connected
to the tower and the mass at the other end connected
to the main girder. The values of the modulus of
elasticity, the moment of inertia, and the torsion
constants of the pier, the main girder, and the cables
were determined by referring to the results of Tasaki
et al.¥ The motion of the foundation was idealized
by using a model including a sway spring, a rotation
spring, and their coupled spring elements.

The longitudinal displacement and the moment
with respect to the transverse axis at both ends of
the main girder were free, and the others were fixed.

The idealized damping matrix in the equation of
motion was obtained using the Rayleigh damping
matrix. The constants in the summation of mass ma-
trix and stiffness matrix were defined using the fre-
quencies in the Ist and 8th modes, in which modal
damping ratios are assumed to be the same of 0.02.
Table 6 and Fig. 10 show the natural periods and
mode shapes of the numerical model of the bridge
obtained from the modal analysis. The first and sec-
ond modal periods (symmetry transverse mode and
anti-symmetry longitudinal mode) shown in Table 6
are more similar to those with the model derived by
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(d) 4th mode

Table 6 Natural periods and mode
model of the Ji-Lu Bridge.

shapes of the numerical

Mode No. Natural period (sec) Mode shape
1 2.005 Symmetry, TR dir.
2 1.447 Anti-symmetry, LG dir.
3 0.637 Symmetry, UD dir.
4 0.573 Anti-symmetry, LG dir.
5 0.400 Symmetry, TR dir.
6 0.373 Anti-symmetry, LG dir.
7 0.361 Symmetry, UD dir.
8 0.230 Anti-symmetry, LG dir.
9 0.217 Symmetry, UD dir.
10 0.157 Anti-symmetry, LG dir.

(TR: Transverse, LG: Longitudinal, UD:Vertical)

Kosa et al.” than those with the model derived by
Tai and Liou'® (refer Table 3). The third and fourth
modal shapes (symmetry vertical mode and anti-
symmetry longitudinal mode) show close corre-
spondence between our model and the models by
Kosa et al., and Tai and Liou, but there are the dif-
ferences between those modal periods shown in Ta-
ble 6 and those by Kosa et al., and Tai and Liou,
that become about 0.4 sec. The reason of this is that
in our model, previously mentioned, the section of
the tower was modeled by three idealized sections at
the top, middle, and bottom under the structural
condition with the sectional area of the tower varied
from the top to the bottom.

(2) Seismic damage assessment of the Ji-Lu
Bridge
The displacement and the acceleration at the top of
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Fig. 11 Acceleration and displacement responses at the top of the tower in the transverse direction when subjected to the simulated
excitation at the site of the Ji-Lu Bridge and that at station TCUOQ78.
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Fig. 12 Moment-versus-curvature relationship when subjected
to the simulated excitation at the site of the Ji-Lu

Bridge and that at station TCUOQ78.

the tower in the transverse direction were computed
as shown in Fig. 11 when the bridge was subjected
to the simulated seismic excitation at the site of the
bridge and that at station TCUO7S8. Fig. 12 shows
the moment-versus-curvature relationship at the bot-
tom of the tower. Fig. 12 indicates that damage be-
yond the crack level occurred at the bottom of the
tower when subjected to both excitations. However,
yielding-level damage did not occur at the bottom of
the tower, although yielding of the longitudinal rein-
forcements and spalling-off of the cover concrete
actually occurred in the Ji-Lu Bridge. In addition,
despite the difference between the simulated excita-
tion at the site of the Ji-Lu Bridge and that at station
TCUO078, as shown in Figs. 7 and 8, the moment-
versus-curvature relationships for those cases did
not differ. The reason for this is that there is a slight
difference of the velocity response spectra at the
period of 2.005 sec, which is the 1st natural period
of the bridge, as shown in the site of the Ji-Lu
Bridge contained more long-period components be-
yond 2.0 sec than that at station TCUO78. Hence,
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the seismic responses when subjected to the simu-
lated excitation at the site of the Ji-Lu Bridge and
that at station TCUQ78 were almost the same around
the period of 2.005 sec.

4. SHAKING TABLE TESTS

(1) Bridge model and experimental setup

a) Design of the bridge model
To clarify the mechanisms associated with the

seismic response of a PC cable-stayed bridge when

subjected to a long-period seismic excitation, we

selected a typical PC cable-stayed bridge with a

natural period from 2.0 sec to 3.0 sec, such as the Ji-

Lu Bridge shown in the previous sections, as the

model bridge for the series of shaking table tests.

We considered the following three requirements for

the design of the bridge model:

i.  The similarity ratio of acceleration should be
set to 1.0 because it is difficult to control gravi-
tational acceleration in the experiments.

The bridge model should be simple in terms of
its fabrication and construction.

The model should be as large as possible to
eliminate the effects of irregularity in its con-
figuration and variations in the properties of the
materials used to build the bridge model.

Based on these requirements, the similarity ratios

of the model with respect to the prototype bridge

were determined as shown in Table 7. The similar-
ity ratio of the length was set to 100 by considering
the size of the shaking table and the ease of con-
structing the model, and the similarity ratio of the

time was 10.

b) Details of the bridge model
As shown in Figs. 13 and 14, the total length of

the main girder was 2400 mm, and the height of the

tower was 1000 mm. Poly-vinyl-alcohol (PVA)

il.

iii.



Table 7 Similarity ratios.
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Table 8 Mechanical properties of the PVA concrete.

Accelerometers and laser displacement

Supplemented sensors

mass of 9.96kg
Tower: PVA concrete
100
Free of displacement in
the longitudinal direction
and free of moment in the
transverse direction at
both ends of the main
girder

Cable: Twist steel wire

Y

Supplemented mass
of cable

Main girder: Steel plate
2400mm-

Supplemented mass of 3.0kg X8 !

Fig.14 Details of cable-stayed bridge model.

concrete was used as the concrete for the tower. Be-
cause the sectional area of the tower was small (30
mmx 30mm), as described below, and the hoop re-
inforcements could not be used to constrain the core
concrete, the PVA concrete was used to effectively
constrain the core concrete due to the tension stress
provided by fibers in the PVA concrete. The values
of the sectional area and the sizes of the longitudinal
reinforcements of the tower were determined by re-
ferring to the study of fiber-strengthening concrete
columns of Sakai et al.’® The content of the PVA
fibers in the concrete was 2% by volume. Table 8
shows the mechanical properties of the PVA con-
crete used for the tower model.

The height and the sectional area of the tower
cross-section, and the sizes of the longitudinal rein-
forcements were determined to satisfy the similarity
ratios with respect to length and flexural rigidity.

Calibrated strain
gages to measure

Cable/&/ tension strength
—
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Fig. 16 Moment-versus-curvature relationship at the bottom of
the tower model.

The resulting cross-section of the tower is shown in
Fig. 15. Its sectional area was 30 mmx 30 mm, and
four longitudinal reinforcements 0.9 mm in diameter
with tension strengths of 336 MPa were used. The
skeleton of the moment-versus-curvature hysteresis
at the bottom of the tower was numerically obtained
by modeling the tension stress resulting from the
PVA fibers based on the constitutive laws of Shi-
mizu et al.*", as shown in Fig. 16. It seems reason-
able to suppose that the cyclic behavior associated
with the stress-versus-strain relationship of the used
PVA concrete has similar trend as that from the re-
search of Billington and Kesner*?, however it needs
further consideration in this study since we could
not obtain the cyclic behaviour of the tower model
experimentally. Brass weights of 9.96 kg were at-
tached at the top of the tower model, as shown in
Fig. 14, to satisfy the similarity ratio with respect to
the mass of the tower.

Although the girders of the actual bridge (proto-
type bridge) were formed of prestressed concrete,
for the sake of ease of manufacturing, the girders of
the model were steel plates of 50 mm in width and 6
mm in height to satisfy the similarity ratio with re-
spect to the flexural rigidity. Eight brass weights of
each 3.0 kg were attached to the girders to satisfy
the similarity ratio with respect to the mass of the



Table 9 Prestressed tension strength of cables.
Cable No. Tension (N)
1 43.7
34.6
32.5
44.7
44.7
325
34.6
43.7

X (N[N ||~ |W| N

girders.

Idealized cables were designed based on the simi-
larity ratio with respect to the force by referring to
the tension strength at a permanent strain of 2%;
thus, twisted steel wires 1.5 mm in diameter with a
tension strength of 269.5 N at a permanent strain of
2% were used for the model cables. In the prototype
bridge, the 68 cables are tensioned in parallel at the
center line of the girder in the longitudinal direction,
then the 34 cables should be idealized in the tests.
However the number of cables was reduced from
the 34 cables to the 8 ones. The reason for this is
that it is quite difficult to perfectly satisfy the simi-
larity ratio for all 34 cables from the viewpoint of
the construction of the cable models and the
prestressing of the tension strength of the cables.

In spite of the reduction of the number of the ca-
bles, to satisfy the similarity associated with the
prestressed strength of the cables between the proto-
type bridge and the model, and asscociated with the
moment acting onto the section of the girder with
respect to the transverse axis due to the cable ten-
sion, the prestressed tension strength of each model
cable and its attachment positions to the girder and
the tower were determined so that the vertical com-
ponent of the tension for each cable was the same as
the sum of the vertical components of the tensions
for the cables provided before reducing the number
of cables to 8, and so that the resulting moment on
the girder from the tension of each cable was the
same as the sum of the moments on the girder from
the tensions of the cables provided before reducing
the number of cables to 8. Table 9 shows the
prestressed tension strength of the cables. The cable
numbers in Table 9 correspond to those in Fig. 14.
The values of the prestressed tension strength in
Table 9 are the required ones before the start of the
shaking table test. However, because of the diffi-
culty of prestressing the tension for 8 cables, the
error of the prestressed tension strength with respect
to the required values shown in Table 9 varied from
0.1% to 6.4%.

This experiment was focused on clarifying the
seismic response of the tower and cables. Hence,
the pier was idealized by a rigid body made of a
circular steel bar 30 mm in diameter. The free and
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Table 10 Natural periods and damping ratios of the bridge
model before and after the shaking table tests.

Test No. Natural period Damping ratio N:'itural period
before the test (sec) before the test after the test (sec)
1 0.318 0.00604 0.318
2 0.313 0.00678 0.315
3 0.314 0.00877 0.353
4 0.322 0.00858 0.325
5 0.325 0.00803 0.355
6 0.311 0.00949 0.312
7 0.312 0.00992 0.345
8 0.345 0.023 0.426
9 0.316 0.00688 0.316
10 0.316 0.00594 0.316
11 0.316 0.00676 0.315
12 0.315 0.00686 0.320
13 0.318 0.00638 0.318
14 0.314 0.00877 0.353
15 0.318 0.00769 0.338
16 0.320 0.00835 0.320
17 0.320 0.00841 0.327

the fixed support conditions of the longitudinal, the
transverse, and the rotational movements at both
ends of the girder were idealized by combining a
slider and a bearing.

Acceleration in the tower top and at the tower
bottom in the transverse and longitudinal directions
is recorded by accelerometers and displacement in
the same positions as acceleration is recorded by
laser displacement sensors, as shown in Fig. 14.
Tension strength of cables is measured by the strain
gage attached on the edge of each cable, whose
value is related with tension strength before the tests.
Sampling frequency at which all data above are re-
corded is 1000 Hz.

The average values of the dominant natural period
and the damping ratio with respect to the transverse
direction of the bridge model were computed based
on the displacement waveforms at the top of the
tower obtained from the free vibration tests. Three
free vibration tests were conducted before and after
each test. Table 10 shows the computed natural pe-
riods before and after the tests and the computed
damping ratios before the tests. These natural peri-
ods for the bridge model correspond to a natural
period of more than 3.0 sec for the actual bridge
based on the similarity ratio with respect to time
shown in Table 7.

The natural period with respect to the longitudinal
direction of the bridge model was evaluated by the
Fourier transforms of the acceleration waveforms
obtained from the free vibration tests. The results
indicate that there were several predominant cou-
pled modes in the period ranging from 0.1 sec to
0.31 sec.

(2) Input ground motion for the shaking table
test
Table 11 shows the test cases for the shaking ta-
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Table 11 Shaking table tests.

Amplification
factor of
amplitude

Test
No.

Direction

. . Input excitation
of shaking P

Component.

Simulated waveform at Ji-Lu
1 Bridge in the 1999 Chi-Chi,
Taiwan EQ.

EW 1

Simulated waveform at Ji-Lu
Bridge in the 1999 Chi-Chi,
Taiwan EQ.

EW

Simulated waveform at Ji-Lu
Bridge in the 1999 Chi-Chi,
Taiwan EQ.

EW

Simulated waveform at OSK008

in the anticipated Nankai EQ. EW !

Simulated waveform at OSK008

in the anticipated Nankai EQ. EW

Simulated waveform at OSK008

in the anticipated Nankai EQ. NS !

TR

Simulated waveform at OSK008

in the anticipated Nankai EQ. NS

Simulated waveform at OSK008

in the anticipated Nankai EQ. NS

Simulated waveform at OSK003

in the anticipated Nankai EQ. EW !

Simulated waveform at OSK003

in the anticipated Nankai EQ. NS !

Simulated waveform at OSK005

in the anticipated Nankai EQ. EW !

Simulated waveform at OSK005

in the anticipated Nankai EQ. NS !

Simulated waveform at Ji-Lu
Bridge in the 1999 Chi-Chi,
Taiwan EQ.

NS+EW 1

Simulated waveform at Ji-Lu
Bridge in the 1999 Chi-Chi,
Taiwan EQ.

NS+EW

TR+LG Simulated waveform at OSK008

in the anticipated Nankai EQ. NS+EW 1

Simulated waveform at OSK003

in the anticipated Nankai EQ. NS+EW 1

Simulated waveform at OSK005

in the anticipated Nankai EQ. NS+EW !

ble test. Uni-lateral and bi-lateral shaking table tests
were conducted using the simulated ground excita-
tion at the site of the Ji-Lu Bridge described in Sec-
tion 2 and the excitations of the anticipated Nankai
earthquake at stations OSKO003, OSKO005, and
OSKO008 simulated by Kamae et al.” The uni-lateral
shaking was in the transverse direction of the bridge
model, which was subjected to the EW component
or the NS component of those excitations. The bi-
lateral shaking was simultaneously in the transverse
and longitudinal directions of the bridge model; the
transverse direction was subjected to the EW com-
ponent of the above excitations and the longitudinal
direction was subjected to the NS component. The
seismic excitations were modified based on the
similarity ratios with respect to length and time
shown in Table 7.

Fig. 17 shows the time histories of those excita-
tions, and Fig. 18 shows their response spectra. Fig.
18 also shows the seismic response spectra of the
bridge model when subjected to the NS component
of ground motions recorded at the JMA Kobe Ob-
servatory in the 1995 Hyogo-ken Nambu earthquake
(Kobe NS) to clarify the difference of the response
spectra of long-period ground motions and typical
near-field ground motion. From Fig. 18, the accel-
eration and velocity responses at the natural period
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of about 0.3 sec, which is nearly equal to the domi-
nant period of the bridge model as shown in Table
10, are larger than those at other periods. On the
other hand, the displacement responses at the natural
period of about 0.3 sec do not become larger than
those at other periods.

5. MECHANISM OF THE SEISMIC RE-
SPONSE OF THE BRIDGE MODEL

(1) Linear seismic response of the bridge model
when subjected to the uni-lateral shaking

Fig. 19 shows the maximum acceleration and dis-
placement responses in the transverse direction at
the top of the prototype bridge, when subjected to
the simulated seismic excitation at the site of the Ji-
Lu Bridge (Test No.1: Ji-Lu Br. EW) and the simu-
lated excitations of the anticipated Nankai earth-
quake at stations OSKOOS8EW, OSKOO03EW, and
OSKOOSEW (Test No.4: OSKOO0SEW, No.9:
OSKO003EW, and No.11: OSKO05EW). Associated
with all cases above, the seismic responses of the
bridge model are in the linear range, where no
cracks occur in the tower in the experiments. Thus,
Fig. 19 show the cases where the experimental re-
sults are scaled up to those for the prototype bridge
based on the similarity ratios with respect to length
and time shown in Table 7. In addition, to compare
the seismic responses of the case subjected to the
long-period excitations (OSKO03EW, OSKO05EW,
OSKO008EW) with those subjected to the near-field
exitation (Kobe NS), Fig. 19 shows the same results
when subjected to the Kobe NS exitation from
nonlinear seismic analysis, in which the structural
modeling of the bridge model is the same as that
adopted in Section 3. In the Kobe NS case, the seis-
mic responses of the bridge model are also in the
liner range.

From Fig. 19, it indicates that the maximum ac-
celerations in the cases of the Ji-Lu Br. EW,
OSKO003EW, OSKO05EW, and OSKOOS8EW are less
than that in the case of the Kobe NS excitation. In
contrast, the maximum displacements in the cases of
the Ji-Lu Br. EW, OSKO003EW, OSKO005EW, and
OSKOO8EW are larger than that in the case of the
Kobe NS excitation, especially in the case of
OSKOOSEW, where a maximum displacement of
1.35 m occurs at the top of the tower. This value of
maximum displacement corresponds to a maximum
drift ratio of 1.35%, which is a large value corre-
sponding with the response level of which seismic
behavior of the tower becomes nearly equal to be
nonlinear, describing the following figure.

Fig. 20 shows the relationship between the lateral
force and the lateral displacement at the top of the
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Fig. 19 Maximum acceleration and maximum displacement responses in the transverse direction at the top of the tower.
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Fig. 20 Lateral force versus lateral displacement relationship at the top of the tower, depending on the amplitudes of excitations.

tower for uni-lateral transverse shaking in the case
of the OSKOOSEW (Test No.4) and two times the
excitation of the OSK008 EW component (Test
No.5: 2 times-OSKO08EW). The former case shows
a linear response of the tower, previously shown in
Fig. 19, whereas the latter one shows a nonlinear
response that causes cracks in the tower model. As
mentioned above, although the relationship between
the lateral force and the lateral displacement in the
case of OSKOOSEW is limited in the linear range
(Fig. 20(a)), its response level reaches almost same
one to be nonlinear hysteretic behavior that the case
of 2 times-OSKOOSEW shows (Fig. 20(b)).

The occurrence of larger displacement at the
tower top in the cases of the long-period ground mo-
tions than that in the case of the Kobe NS excitation,
results from the larger displacement response at the
tower top in the transverse direction on the 1st mode
shown in Fig. 10 (a), due to the matching of the
dominant natural period of the bridge model and
that of the long-period ground motions, shown in
Fig. 18. Thus, even though the acceleration response
of the long-period bridge does not become larger
within the range of 0.04 G to 0.06 G, the displace-
ment response could become larger when subjected
to the long-period ground motions, and it is likely
that this mechanism causes the nonlinear hysteretic
behavior of the tower shown in Fig. 20(b).

(2) Residual displacement at the top of the tower

Fig. 21 shows the displacement responses at the
top of the tower for uni-lateral transverse shaking
equal to three times the excitation of the simulated
ground motion at the Ji-Lu Bridge (Test No.3: 3
times-Ji-Lu Br. EW), 2 times-OSKO0SEW (Test No.
5), and two times the excitation of the OSK008 NS
component (Test No.7: 2 times-OSKOOSNS). Fig.
21 also shows a comparison of the residual dis-
placement at the top of the tower model with its
maximum displacement in the transverse direction.
In all cases, a crack occurred in the tower model; the
values of the responses resulting from the tests are
not scaled up to in Fig. 21.

From Fig. 21, although the maximum displace-
ments at the top of the tower for different ground
motions were nearly the same, namely, about 20
mm, the maximum residual displacements at the top
of the tower were quite different depending on the
excitations applied. Whereas a slight residual dis-
placement of 0.014% per unit of drift occurred in
the case of 3 times-Ji-Lu Br. EW (Test No.3), larger
residual displacements of 0.29% and 0.12% per unit
of drift occurred for the case of 2 times-OSKO0SEW
(Test No.5) and 2 times-OSKOO8NS (Test No.7),
respectively.

For the three cases described above, the relation-
ship between the lateral force and the lateral dis-
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Fig. 22 Lateral force versus lateral displacement relationship for four different stages in the response time series.

placement was computed for four different stages in  after stage 1 (stage 2), when the displacement re-
the response time series, as shown in Fig. 22: when  sponse decreased after stage 2 (stage 3), and when
the maximum displacement occurred when the main  the displacement response increased after stage 3
large excitation subjected (stage 1), immediately  due to the subsequent large excitation (stage 4).
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(a) Uni-lateral transverse shaking equal to two times the
excitation of the OSK008 EW component (Test No.5)
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(b) Bi-lateral transverse shaking of OSK008 EW
and NS components (Test No.15)

Fig. 23 Comparison of longitudinal displacement versus transverse displacement relationship at the top of the tower, depending on

the uni-lateral excitations and the bi-lateral ones.

The residual displacement at the top of the tower
did not occur in stage 1 or stage 2 for the case of 3
times-Ji-Lu Br. EW (Test No.3), whereas those oc-
curred in stage 2 for the cases of 2 times-
OSKO08EW (Test No.5) and 2 times-OSKO08NS
(Test No.7), and these residual displacements be-
came continuous with those at the end of the dis-
placement waveforms. Focusing on the increase of
the residual displacement after stage 2, in both cases
the large displacement response in stage 4 after 15
sec caused a slight increase in the residual dis-
placement at the top of the tower.

The experimental results indicate that the subse-
quent large excitation after the maximum displace-
ment had no effect on whether the residual dis-
placement at the tower top occurred or not, whereas
it had a slight effect on the degree of increasing the
residual displacement at the tower top. Because the
occurrence of the residual displacement on struc-
tural components for the long-period bridge causes
the difficulty in the repair process after the bridge is
damaged, we must pay more attenetion to the in-
creasing of the residual displacement at the tower
subjected to the subsequent large excitation which a
long-period ground motion contains.

(3) Uni-lateral shaking versus bi-lateral shaking

Fig. 23 shows the relationship between the longi-
tudinal displacement and the transverse displace-
ment at the top of the tower for the case of 2 times-
OSKO08EW (Test No.5) and for bi-lateral trans-
verse and longitudinal shaking equal to the OSK008
EW and NS components (Test No.15: Bi-OSK008).
In the case of 2 times-OSKOOSEW (Test No.5), a
maximum displacement of 21.2 mm occurred at the
top of the tower in the transverse direction, which
caused a crack in the tower model. In contrast, in the
case of Bi-OSKO008 (Test No.15), when the trans-
verse displacement of 15.0 mm was accompanied by
the longitudinal one of 0.6 mm, the crack occurred
in the tower model.
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For the cases described above, the relationships
between the longitudinal displacement and the
transverse displacement at the bottom and the top of
the tower at the maximum displacement, 4 waves
before the maximum displacement, and 1 wave after
the maximum displacement, were investigated; the
results, based on wave length units, are shown in
Figs. 24 and 25.

In the case of 2 times-OSKOOSEW (Test No.5),
the phase shift of the transverse response at the bot-
tom and the top of the tower can be clearly observed
in Fig. 24; the transverse displacement of the tower
top increased 3 to 4 waves after the displacement of
the tower bottom increased. In the case of Bi-
OSKO008 (Test No.15), the longitudinal displace-
ment at the tower bottom varied by the range of
+ 0.5 mm that was larger than that in the case of 2
times-OSKOOSEW by the range of + 0.2 mm, and
this caused the variation of the longitudinal dis-
placement at the tower top and the coupled vibration
between the longitudinal and transverse directions at
the tower top. As a result of this, a large displace-
ment vector was excited between the longitudinal
and transverse directions at the tower top shown in
Fig. 23(b); this caused the cracking of the tower.
Although the evidence is not compelling, it seems
likely that the 2nd mode of the bridge model, which
is the anti-symmetry one in the longitudinal direc-
tion shown in Table 6 and Fig. 10(b), contributes
the displacement response of the tower in the longi-
tudinal direction and thus to couple the vibration
between the longitudinal and transverse directions at
the tower top. This is because the 2nd mode period
of the bridge model could be assumed to becomes
more than 1.0 sec when the 1st mode period reaches
to more than 3.0 sec. Therefore when the long-
period bridge is subjected to a long-period ground
motion, the coupling of the vibration between the
1st mode and others might occurs at the range of the
natural period of more than 1.0 sec.
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Fig. 25 Relationship between longitudinal displacement and transverse displacement for bi-lateral transverse shaking in the case of

the OSK008 EW and NS components (Test No.15).

(4) Coupled seismic response between the tower
and the cables

Fig. 26 shows the tension variation of the cables,
and the relationship between the prestressed tension
strength and the maximum tension strength for the
case of Bi-OSKO008 (Test No.15).

The large maximum displacement of the tower
top in the transverse direction, that is 15.0 mm (Figs.
23(b), 26(b)), caused a drift in the variation of each
cable tension (Fig. 26(a)), and the damage to the
tower model caused a maximum tension variation of
19.8% in cable 1, which was positioned closest to
the tower, and a maximum tension variation of
9.24% in cable 4, which was positioned farthest
from the tower (Fig. 26(c)).

This indicates that the large displacement vector
at the tower top with the coupling of the vibration
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modes in the longitudinal and transverse directions
described previously, induced the tension variation
of the cables. This resulted from the large transverse
component of the displacement vector at the tower
top due to the matching of the dominant natural pe-
riod of the bridge model and that of the long-period
ground motions, shown in Fig. 18 as well as in the
case of the uni-lateral shaking. It is possible that
larger tension variation of the cables is induced
when the transverse displacement at the tower top
becomes larger, thus the coupling response between
the tower and the cables should be carefully given
attention to when subjected to the long-period
ground motion.
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Fig. 26 Seismic response of the cables for bi-lateral shaking in the case of the OSK008 excitation (Test No.15).

6. CONCLUSIONS

In this study the mechanisms associated with the
seismic response of a PC cable-stayed bridge when
subjected to a long-period ground motion were
clarified based on seismic response analyses and
shaking table tests considering the similarity law.
This study defined the ‘long-period’ of ground mo-
tions as the period of more than 2.0 sec or 2.5 sec.
The natural period of the subject structures was
from 2.0 sec to 3.0 sec. The simulated long-period
ground motions in the 1999 Chi-Chi, Taiwan earth-
quake and the anticipated Nankai earthquake were
used as the input ground motions in the numerical
analyses and the shaking table tests. The following
conclusions were obtained from the study:

1) The seismic excitation at the site of the Ji-Lu
Bridge, which was damaged in the 1999 Chi-Chi,
Taiwan earthquake, was simulated by the finite
differential method. Using the simulated long-
period ground motions, the damage to the bridge
was assessed from the nonlinear seismic analysis.
From this analysis, damage beyond the crack level
occurred at the bottom of the tower. However,
yielding-level damage did not occur at the bottom
of the tower, although yielding of the longitudinal
reinforcements and spalling-off of the cover con-
crete actually occurred. The reason for this dis-
crepancy is that the simulated excitation at the site
of the Ji-Lu Bridge contained long-period compo-
nents of more than 2.0 sec, and its seismic re-
sponse around the period of 2.005 sec, which is
the dominant natural period of the bridge, was not
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amplified.

2) From the tests, larger maximum displacements
were found at the tower top for the long-period
excitations compared with that obtained from the
seismic response analysis using the JMA Kobe re-
cord (near-field excitation). This resulted from
larger displacement response at the tower top in
the transverse direction, which maximum drift ra-
tio becomes more than 1 %, depending on the Ist
mode of the bridge model, due to the matching of
the dominant natural period of the bridge model
and that of the long-period ground motions. Thus,
even though the acceleration response of the long-
period bridge is not amplified in the range of
about 0.05 G, the displacement response could be-
come larger when subjected to the long-period
ground motions. Although this mechanism is
qualitatively quite reasonable based on linear vi-
bration theory, it is more important to note that
this mechanism may cause the nonlinear hysteretic
behavior of the tower bottom and the exceeding
tension variation of the cables.

3) The subsequent large excitation after the maxi-
mum displacement at the tower top did not affect
the occurrence of the residual displacement of the
tower, whereas it slightly affected the degree of
increasing the residual displacement. The occur-
rence of the residual displacement on structural
components for the long-period bridge causes the
difficulty in the repair process after the bridge is
damaged, then we must pay more attenetion to the
increasing of the residual displacement at the
tower subjected to the subsequent large excitation



of the long-period ground motion.

4) It seems likely that the 2nd mode of the bridge
model, which was the anti-symmetry one in the
longitudinal direction, contributed the displace-
ment response of the tower in the longitudinal di-
rection and thus to couple the vibration between
the longitudinal and transverse directions at the
tower top. This excited a large displacement vec-
tor in the longitudinal and transverse directions at
the tower top; this caused the cracking of the
tower. Therefore when the long-period bridge is
subjected to a long-period ground motion, the
coupling of the vibration between the 1st mode
and others might occurs at the range of the natural
period of more than 1.0 sec, which is relatively
higher natural period than that of the other struc-
tural-typed bridges.

5) Above large displacement vector at the tower top
with the coupling of the vibration modes in the
longitudinal and transverse directions induced the
tension variation of the cables. Since it is possible
that larger tension variation of the cables is in-
duced when the transverse displacement at the
tower top becomes larger, the coupling response
between the tower and the cables should be given
much attention to when subjected to the long-
period ground motion.

ACKNOWLEDGMENT: This research was spon-
sored by the National Research Institute for Earth
Science and Disaster Prevention (NIED) under a
grant provided for seismic experimental research on
bridges titled ‘International Joint Model Research
for the Application of the Full-Size Three-
Dimensional Vibration Destruction Facility (E-
Defense)’. The authors deeply appreciate research
information and valuable assistance provided by Dr.
H. Sekiguchi at the Active Fault Research Center,
National Institute of Advanced Industrial Science
and Technology, regarding the numerical simula-
tions of the ground motion at the Ji-Lu Bridge, and
the valuable assistance and support of Dr. S. Aoi
and Dr. H. Fujiwara at NIED, regarding the finite
differential modeling for the simulation of the long-
period seismic excitations. The authors are also
deeply grateful for research information and valu-
able assistance provided by Professor K. Kosa and
Mr. H. Abe at the Kyushu Institute of Technology,
Dr. K. Tasaki at Nippon Engineering Consultants
Co., Ltd., Mr. H. Ukon at the Hyogo Earthquake
Engineering Research Center, NIED, and Dr. M.
Yabe at Chodai, Ltd., regarding the modeling of the
PC cable-stayed bridge. The authors also specially
thank Professor K. Kamae and Dr. H. Kawabe at
Research Reactor Institute, Kyoto University, for
providing the simulated waveforms of the antici-

Doboku Gakkai Ronbunshuu A Vol.64 No.4, 982-1001, 2008. 12

pated Nankai earthquake. Finally, we are grateful to
Dr. A. Numata, Mr. T. Ikeda, Mr. K. Taguchi and
the members of Disaster Prevention R&D Research
Institute, Tobishima Corporation, for the use of ex-
perimental facilities, and for valuable assistance and
support.

REFERENCES

1) For instance, Irikura, K.: Long-Period Ground Motions from
Devastating Great Earthquakes and Action Plans for Earth-
quake Disaster Mitigation, Chikyu Monthly, No.55, pp. 6-16,
2006 (in Japanese).

2) Kawashima, K., Iemura, H., Shoji, G. and Iwata, S.: Damage
of Transportation Facilities in the Chi Chi, Taiwan Earth-
quake, Technical Report on TIT Earthquake Engineering Re-
search Group, TIT/EERG 99-8, 1999 (in Japanese).

3) Kosa, K., Takahashi, Y., Yamaguchi, E., and Nomura, T.:
Analysis of Bridges Damaged by Seismic Motion in the Chi-
Chi Earthquake, Bridges and Foundations, No. 9, pp. 79-86,
2002 (in Japanese).

4) Tasaki, K., Kosa, K., Ikeda, T. and Ogo, M.: Detailed Inves-
tigation of PC Cable-Stayed Bridge (Ji-Ji-Da Bridge) Dam-
aged to the Taiwan Chi-Chi Earthquake, Journal of Struc-
tural Engineering, JSCE, Vol.50A, pp. 487-494, 2004 (in
Japanese).

5) Kamae, K., Kawabe, H. and Irikura, K.: Strong Ground Mo-
tion Prediction for Huge Subduction Earthquakes Using a
Characterized Source Model and Several Simulation Tech-
niques, 13th World Conference on Earthquake Engineering,
Vancouver, B.C., Canada, Paper No. 655 (CD-ROM), 2004.

6) Otsuka, H., Somerville, P.G. and Sato, T.: Estimation of
Broadband Strong Ground Motions Considering Uncertainty
of Fault Parameters, JSCE Journal of Structural and Earth-
quake Engineering, No. 584, 1-42, pp. 185-200, 1998 (in
Japanese).

7) Komori, K., Kikkawa, H., Odagiri, N., Kinoshita, T.,
Mizoguchi, T., Fujino, Y. and Yabe, M.: Basic Principles and
Design Ground Motions in Seismic Retrofit Design of Large
Cable-Supported Bridges on the Tokyo Metropolitan Ex-
pressway, JSCE Journal of Structural and Earthquake Engi-
neering, No. 794, 1-72, pp. 1-19, 2005.7 (in Japanese).

8) Nazmy, A. S. and Abdel-Ghaffar, A. M.: Non-Linear Earth-
quake-Response Analysis of Long-Span Cable-Stayed
Bridges: Theory, Earthquake Engineering and Structural
Dynamics, Vol. 19, pp. 45-62, 1990.

9) Nazmy, A. S. and Abdel-Ghaffar, A. M.: Non-Linear Earth-
quake-Response Analysis of Long-Span Cable-Stayed
Bridges: Applications, Earthquake Engineering and Struc-
tural Dynamics, Vol. 19, pp. 63-76, 1990.

10) Vilaverde, R. and Martin, S. C.: Passive Seismic Control of
Cable-Stayed Bridges with Damped Resonant Appendages,
Earthquake Engineering and Structural Dynamics, Vol. 24,
pp- 233-246, 1995.

11) Kawashima, K., Unjoh, S., and Tunomoto, M.: Estimation
of Damping Ratio of Cable-Stayed Bridges for Seismic De-
sign, Journal of Structural Engineering, ASCE, Vol. 119, No.
4, pp. 1015-1031, 1993.

12) Kitazawa, M., Ishizaki, H., Emi, S. and Nishimori, K.:
Characteristics of Earthquake Responses and Aseismic De-
sign on the Long-Period Cable-Stayed Bridge (Higashi-Kobe
Bridge) with All Free Movable Shoes in Longitudinal Direc-
tion, JSCE Journal of Structural and Earthquake Engineer-
ing, No. 422, 1-14, pp. 343-352, 1990 (in Japanese).

13) Tai, J.C., and Liou, Y.Y.: Retrofit on Ji-Lu Cable Stayed

1000



Bridge after 921 Chi-Chi Earthquake, Proceedings of the
Second International Workshop on Mitigation of Seismic Ef-
fects on Transportation Structures, National Center for Re-
search on Earthquake Engineering, Taipei, Taiwan, R.O.C.,
pp. 65-79, 2000.

14) Sekiguchi, H. and Iwata, T.: The Source Process of the
1999 Chi-Chi, Taiwan, Earthquake in Semi-Long Period (2-
20s), Active Fault and Old Earthquake Research Report, No.
1, pp. 315-324, 2001 (in Japanese).

15) Chung, J-K. and Yeh, Y.T.:Shallow Crustal Structure from
Short-Period Rayleigh-Wave Dispersion Data in Southwest-
ern Taiwan, Bulletin of the Seismological Society of America,
Vol. 87, No. 2, pp. 370-382, 1997.

16) Ido, Y. and Shoji, G.: Evaluation of Ground Motions at the
Site of the Ji-Lu Bridge in the 1999 Chi-Chi, Taiwan Earth-
quake, Proceedings of the 8th Symposium on Ductility Design
Method for Bridges, JSCE, pp. 441-446, 2005 (in Japanese).

17) Tokimatsu, T. and Sekiguchi, T.: S wave Velocity Structure
of the Observatory Stations in the 1999 Chi-Chi, Taiwan
Earthquake estimated from Microwave Observation and its
Effect of the Structural Seismic Damage, Journal of Struc-
tural and Construction Engineering, Transaction AlJ, No.

550, pp. 65-70, 2001 (in Japanese).

18) Aoi, S. and Fujiwara, H.: 3-D Fourth-Order Finite-
Difference Seismograms Using Discontinuous Grids, Pro-
ceedings of the Tenth Japan Earthquake Engineering Sym-
posium, Vol. 1, pp. 875-880, 1998 (in Japanese).

19) Aoi, S. and Fujiwara, H.: 3-D Finite Difference Method
Using Discontinuous Grids, Bulletin of the Seismological So-
ciety of America, Vol. 89, pp. 918-930, 1999.

20) Graves, R.W.: Simulating Seismic Wave Propagation in 3D
Elastic Media Using Staggered-Grid Finite Differences, Bul-
letin of the Seismological Society of America, Vol. 86, No. 4,
pp. 1091-1106, 1996.

21) Levander, A.R.: Fourth-Order Finite-Difference P-SV Seis-
mograms, Geophysics, Vol. 53, No. 11, pp. 1425-1436, 1988.

22) Buell, J.C.: A Hybrid Numerical Method for Three-
Dimensional Spatially-Developing Free-Shear Flows, Jour-
nal of Computational Physics, Vo0l.95, pp. 313-338, 1991.

23) Takenaka, H.: Computational Methods for Seismic Wave
Propagation in Complex Subsurface Structures, Journal of the
Seismological Society of Japan, Vol. 46, pp. 191-205, 1993

Doboku Gakkai Ronbunshuu A Vol.64 No.4, 982-1001, 2008. 12

1001

(in Japanese).

24) Cerjan, C., Kosloff, D., Kosloff, R., and Reshef, M.: A
Nonreflecting Boundary Condition for Discrete Acoustic and
Elastic Wave Equations, Geophysics, Vol. 50, No. 4, pp. 705-
708, 1985.

25) Clayton, R. and Engquist, B.: Absorbing Boundary Condi-
tions for Acoustic and Elastic Wave Equations, Bulletin of the
Seismological Society of America, Vol. 67, No. 6, pp. 1529-
1540, 1977.

26) Lee, W.H.K., Shin, T.C., Kuo, K.W., and Chen, K.C.: CWB
Free-Field Strong-Motion Data from the 921 Chi-Chi Earth-
quake: Volume 1. Digital Acceleration Files on CD-ROM,
Pre-Publication Version, Seismology Center, Central
Weather Bureau, Taipei, Taiwan, 1999.

27) Ranbiner, L.R., McClellan, J.H. and Parks, T.W.: FIR Digi-
tal Filter Design Techniques Using Weighted Chebyshev Ap-
proximation, Proceedings of the IEEE, Vol. 63, No. 4, pp.
595-610, 1975.

28) Takeda, T., Sozen, M. A. and Nielsen, N. N. : Reinforced
Concrete Response to Simulated Earthquakes, Proceedings of
3rd Japan Earthquake Symposium, pp.357-364, 1970.

29) Abe, H.: Damage Assessment of Ji-Ji-Da Bridge (PC Ca-
ble-Stayed Bridge) suffered from the 1999 Chi-Chi, Taiwan
Earthquake, Undergraduate Thesis, Kyushu Institute of Tech-
nology, 2004 (in Japanese).

30) Sakai, Y., Tanaka, T., Shiino, A., Tokui, N., Yamauchi, N.,
Sanada, Y., Nakano, Y., Suwa, H. and Fukuyama, H.: Simpli-
fied Vibration Experiment of RC Structure subjected to Vari-
ous Input Ground Motions, Proceedings of the JAEE Annual
Meeting-2004, pp. 424-425, 2004 (in Japanese).

31) Shimizu, K., Ujiie, T., Kanakubo, T. and Hikita, T.: Evalua-
tion of Shear Capacity of PVA-ECC Beam, JCI Annual Con-
vention Proceedings, Vol. 27, No. 2, pp. 1333-1338, 2005 (in
Japanese).

32) Billington, S.L. and Kesner, K.E.: Cyclic Response of Duc-
tile Fiber-Reinforced Cement-Based Composites, Proceed-

ings of the Fourth International Workshop on High Perform-
ance Fiber Reinforced Cement Composites, HPFRCC4, Ann
Arbor, USA, pp. 363-378, 2003.

(Received April 24, 2007)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


