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Abstract. The main focus of this study is to numerically investigate the influence of strong earthquake and tsunami-induced
wave impact on the response and behavior of a cable-stayed steel bridge with large caisson foundations, by assuming that the
earthquake and the tsunami come from the same fault motion. For this purpose, a series of numerical simulations were carried
out. First of all, the tsunami-induced flow speed, direction and tsunami height were determined by conducting a two-
dimensional (2D) tsunami propagation analysis in a large area, and then these parameters obtained from tsunami propagation
analysis were employed in a detailed three-dimensional (3D) fluid analysis to obtain tsunami-induced wave impact force.
Furthermore, a fiber model, which is commonly used in the seismic analysis of steel bridge structures, was adopted considering
material and geometric nonlinearity. The residual stresses induced by the earthquake were applied into the numerical model
during the following finite element analysis as the initial stress state, in which the acquired tsunami forces were input to a whole
bridge system. Based on the analytical results, it can be seen that the foundation sliding was not observed although the caisson
foundation came floating slightly, and the damage arising during the earthquake did not expand when the tsunami-induced wave
impact is applied to the steel bridge. It is concluded that the influence of tsunami-induced wave force is relatively small for such
steel bridge with large caisson foundations. Besides, a numerical procedure is proposed for quantitatively estimating the
accumulative damage induced by the earthquake and the tsunami in the whole bridge system with large caisson foundations.
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1. Introduction

Recently, more and more steel bridges are employed at
the port and offshore region (Altunisik et al. 2010, Olmati
et al. 2013, Hu et al. 2015, Numan et al. 2016). However,
these steel bridges are up against the damage obtained from
strong earthquake and earthquake-induced secondary
disasters. Some steel bridges don’t collapse during strong
earthquake, but collapse during the secondary disasters
induced by the earthquake. For the offshore steel structures,
the secondary disasters are most likely earthquake-induced
tsunami. Fig. 1 is the global distribution map of tsunamis
caused by different mechanisms, in which more than 80%
tsunamis are caused by earthquake. It is concluded that the
offshore structures are most likely subjected to both strong
earthquake and earthquake-induced tsunami. During the
2011 Great East Japan earthquake occurring at the north-
east pacific region, serious secondary disasters caused by
collision of drifting containers or ships occurred in various
structures when tsunami came (Ge et al. 2013, Kang et al.
2017). Numerical simulations of a long-span cable-stayed
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steel bridge subjected to both strong earthquake and drifting
object impact due to tsunami flow, in which it is assumed
that the tsunami is caused by the earthquake, have been
carried out using a novel evaluated method proposed in
previous studies (Ge et al. 2013, Kang et al. 2017), where
the combined earthquake-tsunami effect is taken into
account to evaluate the accumulated earthquake-tsunami
damage of a long-span cable-stayed steel bridge subjected
to both the strong earthquake and the drifting object impact
due to earthquake-induced tsunami flow (Kang et al. 2017).
Tsunami propagation analyses are carried out by assuming
that four earthquakes occur simultaneously. A series of
seismic response analysis and impact analysis are carried
out, and the damage to the main tower of bridge is
evaluated by means of elastic-plastic finite element
analysis. The previous study shows that piers of main tower
of steel bridge can be severely damaged due to the
combined earthquake-tsunami effect compared to only
impact effect. All of strains, stresses, displacements and
damages of the whole bridge induced by earthquake before
the drifting object impact due to tsunami flow are
considered to be initial conditions during the impact
analysis. However, the tsunami-induced wave impact force
on the steel bridge with large caisson foundations is not
considered in the previous study. For some structures such
as tide wall, the tsunami-induced wave impact force cannot
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be ignored (Kihara et al. 2015). In this study, the
accumulative damage of steel bridge subjected to
earthquake and the following tsunami-induced wave impact
is numerically investigated.

Bridge adopted in this study is shown in Fig. 2, which is
a 1,000 m long (250+500+250) cable-stayed steel bridge
with large caisson foundations and is assumed to be built in
the east gulf coast of Osaka Gulf. The diameter and the
height of the large caisson foundation are 40m and 30m,
respectively. The large caisson foundation is embedded in a
permeable soft ground 12.4 m. The footing shape and
deformation of large caisson foundation can be ignored in
this study (Lau et al. 2010, Triatmadja and Nurhasanah
2012, Mazinani et al. 2015, Asai et al. 2016, Isshiki et al.
2016).

In recent years, particle method (Perez and Garcia 2017)
is employed to obtain wave force acting on structures.
Besides, OpenFOAM (Japan 2010, Sarjamee et al. 2017a,
b) and FrontFlow/Red as free and open-source software
packages are capable of solving problems of continuum
mechanics such as computational fluid dynamic (CFD)
analysis. Their availability and applicability are verified in
the previous studies (Nonaka et al. 2013, Liu et al. 2016,
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Fig. 1 Global distribution map of tsunamis caused by different mechanisms (Data obtained from National

Fig. 3 Configuration of caisson foundation (Unit: m)

Sarjamee et al. 2017a, b, Wu et al. 2017). Moreover, in
Japan CADMAS- SURF (Wijatmiko and Murakami
2010,Hanzawa et al. 2012, Usman and Rahim 2017) was
developed to widely conduct three-dimensional (3D) fluid
analysis. As shown in Fig. 3, the large caisson foundation
with cylindrical shape is the evaluated object. OpenFOAM
is capable of conducting 3D fluid analysis by applying the
finite volume method (FVM) that is inherently mass
conservative. Moreover, this method for 3D fluid analysis
was employed to different analytical objects, such as the oil
storage tanks with circular cylinder shape.

What the tsunami wave effect is input into structural
analysis includes nonlinear dynamic interaction of soil and
foundation by employing overall bridge analytical model,
nonlinear behavior of ground around the caisson foundation
subjected to tsunami-induced wave impact and damage
evaluation of upper bridge. In this study, the earthquake-
induced damage as an initial state is taken into account in
the analysis about tsunami-induced wave impact on the
overall bridge structure.
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2. Outline of study procedure

This study investigates the accumulative damage of a
steel bridge located in Osaka Gulf subjected to earthquake
and tsunami-induced wave impact. And the tsunami
propagation analysis and earthquake response analysis are
stated in chronological order as shown in Fig. 4.

(1) Earthquake happening: 0 s

(2) Ground motion reaching the evaluated bridge: 20 s
(3) Earthquake-induced damage of main tower: 54 s
(4) Tsunami through Kiisuido Channel: 30 min

(5) The first tsunami wave arrival at the evaluated
bridge: 90 min

(6) Tsunami-induced impact wave force acting on the
evaluated bridge: 109 min

In this study, the time of step (2) is estimated based on
the distance (160 km) between the Tonankai earthquake
fault position and the evaluated bridge position, and the S
wave velocity (V) of 3.8 km/s. The time of step (3) is
determined by the occurrence time of maximum
accelerations in the X- and Y-directions during the
earthquake response analysis of group motion source. The
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Table 1 Assumed mega earthquake fault parameters and earthquake magnitude scale

Farthauake tybe Fault Fault length  Fault width Faultarea Moment magnitude
q typ position L (km) W (km) S (km?) M,
Tokai
carthquake 115 82 9400 8.2
Strong earthquakes .
at southern Tonankai 174 91 15800 8.4
carthquake
ocean trench
Nankai
carthquake 295 125 37000 8.8
Hyuganada North 64 48 3082 7.7
earthquake South 75 54 4079 7.8

Four earthquakes
occurring simultaneously

9.0

times of steps (4)~(6) are from the tsunami propagation
analysis.

In order to simulate such a series of complex
phenomena, the procedure of this numerical investigation is
described as follows:

(a) Tsunami propagation analysis is carried out based
on the assumed earthquake source by using
nonlinear long wave theory.

(b) The flow velocity and direction obtained from
tsunami propagation analysis are regarded as the
initial conditions, in which 3D fluid analysis is
conducted by using OpenFOAM; and the wave
pressure due to tsunami flow acting on the large
caisson foundation is calculated.

(¢) Depending on the above assumed seismic source
model, the empirical Green’s function is employed
to simulate the short-period ground motions, and
the 3D finite-difference method is wused to
determine the long-period ground motions from
source faults (Kang ef al. 2017). The seismic wave
under such ground motions is inversed using
equivalent linear method (SHAKE).

(d) Considering the interaction between the soil and
fiber element model of the whole bridge with large
caisson foundation, the accumulative damage of
bridge is obtained by conducting nonlinear
dynamic response analysis under such input ground
motion.

(¢) Based on the damaged state caused by earthquake,
the impact analysis (elastic-plastic finite element
analysis) is performed by inputting the tsunami-
induced wave.

The procedure is illustrated in Fig. 5, where the
earthquake source assumption in (a) and the details of 2D
tsunami propagation analysis in (c) were stated in the
references (Magoshi et al. 2013, Kang et al. 2017).

3. Tsunami propagation analysis

Tsunami propagation analyses are carried out by using
tsunami wave source model proposed by the investigation

committee on models of strong earthquakes at southern
ocean trench. This model assumes that the four earthquakes
occur simultaneously (M, = 9.0). Table 1 lists the
information of the assumed strong earthquake. Table 2 lists
the tsunami propagation analytical conditions, and the
evaluated bridge is assumed to be located in the Osaka
Gulf.

The tsunami propagation analysis is similar to that in
previous research (Kang et al. 2017). The analytical area
and mesh size can refer to the previous study. All of terrain
data is provided by Japan Hydrographic Association and
Geospatial Information Authority of Japan, and the data
between meshes can be obtained by interpolation. The total
analytical time is 360 minutes, and 0.1s is selected as the
interval of analytical time. Manning’s friction coefficient of
sea bottom is 0.025. Besides, the mean half-monthly rising
tide level of water close to the bridge during typhoon season
T.P. +0.9 m (O.P. +2.20 m) is considered.

The contour map of water level change in Osaka Gulf
and the horizontal vector diagram of flow velocity near the
evaluated bridge at maximum flow is shown in Fig. 6. The
tsunami reaches the Osaka Gulf from the Pacific Ocean

Fig. 6 Contour map of water level change in Osaka Gulf
and horizontal vector diagram of flow velocity near
evaluated bridge at maximum flow
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though Kiisuido Channel 30 minutes after earthquake.
Because the location of the evaluated bridge is inside the
Osaka gulf and the tsunami-induced wave reflects from the
complex geographical shapes, the wave height distribution
is very difficult to be determined. Based on the tsunami
propagation analytical results and the latest report published
in Central Disaster Prevention Meeting, which was held on
August 29" 2012, the maximum tsunami wave height of 1.3
m near the evaluated bridge calculated in this tsunami
propagation analysis and the maximum tsunami wave
height of 4 m that published in the above report are
employed in different cases of the following 3D fluid
analyses. The resultant flow velocity reaches to 1.14m/s 109
minutes later, and at that moment, the flow direction is
30.7°. Tsunami flow velocity, flow direction and tsunami
wave height are regarded as the wave initial conditions
during the following 3D fluid analysis.

4. 3D fluid analysis

The tsunami-induced wave impact force acting on the
evaluated bridge with large caisson can be obtained through
3D fluid analysis based on the analytical results of 2D
tsunami propagation analysis obtained from Section 3.

4.1 Analytical conditions

3D fluid analysis is conducted by employing the
interFoam solver for 2 incompressible, isothermal
immiscible fluids using a volume of fluid (VOF) phase-
fraction based interface capturing approach in OpenFOAM.
In this study, the large caisson foundation with cylindrical
shape as shown in Fig. 3 is the evaluated object, besides,
such cylindrical shape is benefit for using VOF method.
The free surface is modeled using the VOF approach, and
the turbulence closure is obtained using the standard
TRANS model as well as with the dynamic Smagorinsky
LES model. Around the caisson foundation, the pressure
loss contains a complex evaluation, especially in the wake
vortex flow.

In this study, the following two cases are considered:

Case 1: assuming that the earthquake and tsunami come
from the same fault motion, the tsunami height
and flow velocity obtained from the above
tsunami propagation analysis are regarded as
the initial conditions of this 3D fluid analysis.

Case 2: the earthquake and tsunami do not come from
the same fault motion, the caisson foundation
of steel bridge is assumed to be hit by a very
large tsunami. The maximum tsunami height
and flow velocity in the historical record are
employed.

The two analytical cases are illustrated in Fig. 7. The
effect of tsunami flow on the large caisson foundation is
mainly investigated. The position of wave-making is T.P.
+0.9 m of the caisson foundation.

The area of 3D fluid analysis is shown in Fig. 8. The
foundation of the main tower P2 of steel bridge is regarded

as the center of area of 3D fluid analysis. The area is a 400
m % 800 m rectangular. Analytical boundary conditions are
shown in Fig. 9. The side reflection boundary is indicated
by the red solid line, the wave-making boundary is
expressed by the blue solid line, and the radian boundary is
indicated by the red dotted line. The effect of submarine
topography is neglected. Analytical models including Cases
1 and 2 are illustrated in Fig. 10. The meshing of analytical
models is listed in Table 2. In which, the mesh size of
analytical models along both width and length directions is
2 m, and the mesh size of analytical models along height
direction is 1 m. The number of total elements of analytical
models for Cases 1 and 2 is 2,160,000 and 4,000,000,

Tsunami height: 2.7 m

Tsunami height: 3.5 m
Flow velocity: 1.14 m/s

Flow velocity: 10.0 m/s

VI.P.-3.5m VI.P.-3.5m
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(a) Total analytical model (Case 2)

(b) Case 1
Fig. 10 Analytical model
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Table 2 Mesh of analytical models

Case 1 Case 2

a 2 mx400 = 800 m 2 mx400 = 800 m

b 2 mx200 = 400 m 2 mx200 = 400 m

[¢ 1 mx27=27m 1 mx50=50m

d TP.+3.5m T.P.+3.5m

e TP +0.9 m T.P. +0.9 m

¢ TP.-141m T.P.-26.5m

(T.P. -22.6 m) (T.P. -45.6 m)
Number of 2,160,000 4,000,000

total elements
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Fig. 11 Water level change in front and back of caisson
foundation

respectively. The action due to tsunami flow is created by
the tsunami flow 80 m away from the caisson foundation
raising a height suddenly and then falling. The calculation
interval time can be adjusted according to the calculation
results, and initial interval time is 0.001 s.

The duration time of tsunami flow for Cases 1 and 2 is
50 s and 25 s, respectively. Because the flow velocity of
Case 1 is relatively slow, the duration time of the tsunami
flow for Case 1 is relatively long.

(Case2, 10.0s)

Fig. 12 Area of 3D fluid analysis (Case 2)

4.2 3D fluid analysis

The water level change in front and back of the caisson
foundation is shown in Fig. 11. The tsunami direction is
from the front of caisson foundation to the back of the
caisson foundation. The initial tsunami level is zero. For the
tsunami wave in Case 1, the water level of the front side of
caisson foundation rises at 5.0 s, and that of the back side of
caisson foundation begins to rise at about 8.0 s. At 8.0 s, the
discontinuous rise of tsunami flow is captured because of
local geometric discontinuity of caisson foundation. The
tsunami wave acting on the caisson foundation at 10.0 s for
Case 2 is illustrated in Fig. 12. The whole caisson
foundation is completely submerged. The analytical results
of 3D fluid analysis for Cases 1 and 2 are shown in Figs. 13
and 14.

5. Seismic response analysis
5.1 Full-period synthetic ground motion wave

A hybrid method for synthesizing ground motion wave
in full-period is employed, similar to the previous studies
(Magoshi et al. 2013, Kang et al. 2017). In which, the short-
period ground motion wave (less than or equal to 1.0 s) is
calculated by employing the statistical semi-empirical green
function method, and the long-period ground motion wave
(larger than 1.0 s) is calculated by the theoretical stiffness-
matrix method (Dan and Sato 1998, Kawase and
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Fig. 15 Finite element analytical model of whole cable stayed bridge

Matsushima 1998, Yoshida et al. 2002, 2005). For the long-
period ground motion wave during 1.0~1.2 s, a filtration is
used to successfully connect such long-period ground
motion wave with short-period ground motion wave.
Finally, the surface ground motion response spectrum under
such ground motion waves is synthesized employing the
equivalent linear method.

5.2 Analytical model

Fig. 15(a) illustrates the finite element analytical model
of the whole cable-stayed steel bridge (including the frame
model in half and the model with real cross section in
another half), which mainly includes elastic-plastic fiber
beam nonlinear element and tension-only cable element.
Fig. 15(b) illustrates the cross section of the main tower in
fiber beam element. The material model employed in this
study is bilinear hardening elastic-plastic model, and the
plastic modulus is E/100 (£: elastic modulus). Moreover,
the multi-node cable element is used to accurately predict

deflection and tension force during both the strong
earthquake and the tsunami-induced wave impact.
Analytical details can refer to the references (Nonaka and
Ali 2001, Kang et al. 2017), as shown in Fig. 15(a), the
longitudinal and transverse direction of the evaluated bridge
are denoted as X- and Y-direction, respectively. The effect
of large deformation is considered in seismic and tsunami-
induced impact analysis of this study.

In this study, the caisson foundation contact model is
shown in Fig. 15(c), in which the relationship between the
caisson foundation and the soil of foundation bed is
considered. The nonlinear model of ground reaction force
as shown in Fig. 16 consists of normal and tangent
direction. By employing this caisson foundation contact
model, the contact properties between the caisson
foundation and the soil of foundation bed (including uplift,
peeling, sliding) can be characterized as three components
along the contact surface, which can be simulated by the
nonlinear springs.
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Fig. 17 Mode shapes of evaluated bridge

5.3 Eigenvalue analysis

Due to the results of eigenvalue analysis in this study,
the mode shapes of the evaluated steel bridge in the
longitudinal and transverse direction are shown in Fig. 17.
The selected number of mode shapes should depend on the
results of the seismic response analysis. The natural
vibration periods of evaluated bridge in the longitudinal and
transverse directions are 7y = 4.02 s and 7y = 3.37 s,
respectively. Meanwhile, the damping ratios corresponding
to these mode shapes can be obtained.

5.4 Input seismic wave and analytical conditions

The longitudinal and transverse direction of the
evaluated bridge is the input direction of the seismic wave.
Fig. 18 plots the acceleration wave and the acceleration
response spectrum of input seismic wave in X- and Y-
direction (damping ratio is equal to 5%). In the acceleration
waveform, the maximum accelerations in the X- and Y-
direction is 391.5 gal and 335.3 gal (1 gal = 1.0 cm/s%),
respectively, and the accelerations mainly distribute from 20
s to 150 s. The acceleration values corresponding to the
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natural vibration periods Ty and Ty are 187 gal and 180 gal,
respectively. The input seismic waves consist of digital data
with the same interval time of 0.01 s. Besides, the duration
time of the input seismic waves is 300 s (5 minutes). In this
study, the earthquake occurrence time is 0.0 s during input
seismic wave.

The occurrence time of maximum velocity of tsunami-
induced wave is 109 minutes later. The duration time of
seismic wave is 300 s (5 minutes), the evaluated bridge with
damping ratio of 0.05 converges to zero before tsunami-
induced wave impact. The duration time of seismic

200 -

€y

gy
180 . .
Compression | | Tension
160
140
120 |
100 |

80 -

1

Height (m)

0 -

1282 "
’ 8y40 =
20 \
4
0

0
-5,000

5,000
Strain (p)

(a) Maximum strain distribution

response analysis is taken as 600 s. The seismic response
analysis is carried out by using finite element software
SeanFEM ver.1.22.

5.5 Seismic response analysis

Fig. 19 demonstrates the displacement-time histories for
the top of main tower P2 and the center of main girder in
the offshore steel bridge. For the top of the main tower, the
maximum displacements in X- and Y-direction are 0.985 m
at 79.7 s and 0.860 m at 47.8 s, respectively. In addition, the
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Fig. 20 Yielded region in cross section of right pier
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main deformation state of the evaluated steel bridge in
dynamic response is similar to the natural vibration mode
shape as shown in Fig. 17(a). The maximum strain
distribution of main tower and the yielded region in cross
section of right pier due to the strong earthquake are shown
in Fig. 20, in which compression strain is marked as the left
purple line and tension strain is marked as the right blue
line. The maximum strain appears at the bottom of main
tower of offshore steel bridge. Meanwhile, the maximum
strain (= 1.28¢,, steel of SM570) occurs at the compression
side of tower. Although the yielded region is less than the
non-yielded region, there is the residual displacement of
390 mm at the top of main tower. Fig. 21 is the strain
response of base of main tower P2. As shown in Fig. 21(a),
the maximum strain is 0.94e, less than the yield strain, but
the minimum strain is -1.28¢, more than the yield strain. It
is concluded that the compression strain is more than
tension strain. It is demonstrated that the yield state of
bridge within the yielded region will be considered as the
initial state during the following tsunami-induced wave
impact analysis, and the tower pier within this yielded
region might be in the damaged state firstly. Both the
displacement and the strain of main tower P3 are
symmetrical to those of main tower P2.

6. Tsunami-induced wave impact analysis
The residual stresses induced by the strong earthquake

are used to the finite element model during the following
tsunami-induced wave impact analysis as the initial stress
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o
g E
o 0.000 ‘ | - — {
e
-0.020 3mm t(s)
0 5 10 15 20 25

Fig. 24 Displacement-time history of caisson foundation
subjected to tsunami-induced wave impact

(a) Whole bridge

state. The tsunami-induced wave obtained from Section 4 is
employed. Fig. 22 illustrates the tsunami-induced waves in
this study. The wave force of Case 2 is larger than that of
Case 1, and the wave force of Case 2 is employed in this
impact analysis.

6.1 Tsunami-induced wave force

The waveform of the tsunami-induced wave pressure
(Case 2) is shown in Fig. 23. The tsunami-induced wave
impact surface is the side surface of caisson foundation. The
height of tsunami-induced wave is higher than the top
surface of caisson foundation. In which, the P3 main tower
is not subjected to wave impact at the same time. The
tsunami-induced impact force applied on the whole bridge
is asymmetry (Wang et al. 2016).

The foundation bed around the caisson foundation is
assumed that there are pore waters between the foundation
bed and the caisson foundation. Such pore waters lead to
the pressure force of caisson foundation bottom and the
buoyancy of caisson foundation. The water level change of
front and back of caisson foundation leads to foundation
rollover. All of these cause the upward pressure at the
bottom of caisson foundation.

The arrow direction in Fig. 23 is the tsunami-induced
wave direction. Pressure-time histories of different
positions are given in this figure. The water pressure at 0 s
in Fig. 23(a) is hydrostatic pressure, which increases with
the increasing of water depth (represented as m A @ in this
figure). Besides, the water pressure of the column of main
tower around 4s is shown in Fig. 23(a) (represented as o in
this figure). The tsunami-induced wave impact force
applied to the structure is mainly due to the water level
change at this moment. The water pressures of caisson
foundation bottom and top are shown in Fig. 23(b). The
tsunami-induced wave arrives the front of caisson
foundation top (o in Fig. 23(b)) at about 3 s, and arrives the
back of caisson foundation top (o in Fig. 23(b)) at about 4 s.
The water pressures of back, side and front of caisson
foundation bottom (represented as m A @) are illustrated in
Fig. 23(b). From the waveform of the tsunami-induced
wave pressure at the bottom of caisson foundation as shown
in Fig. 23(c), 90% of the caisson foundation is flooded.
Accordingly, the water pressure of the bottom of caisson

J:I
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(b) Uplifting of caisson foundation

Fig. 25 Strain distribution and deformation of whole bridge subjected to tsunami-induced wave impact
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Fig. 26 Displacement-time histories of key points in evaluated steel bridge during tsunami-induced wave impact

foundation mainly is buoyancy. The sliding due to such
buoyancy at the bottom of caisson foundation can be easily
expressed, and its effect contributes to building the
nonlinear model of ground reaction force. In detail, the
sliding ultimate stress at the bottom of caisson foundation z,
can be calculated based on the Mohr-Coulomb’s failure
criterion, and the normal stress should be the buoyancy
stress minus gravity stress. Here, the uplift pressure change
with time can be neglected during calculating the sliding
ultimate stress at the bottom of caisson foundation 7,. The
interaction between the caisson foundation and the
foundation bed, and the foundation sliding can be taken into
account by employing such caisson foundation contact
model and nonlinear model of ground reaction force.

6.2 analytical results

The displacement-time history of caisson foundation
subjected to tsunami-induced wave impact is shown in Fig.
24. The maximum tilt of caisson foundation occurs at 6.2s,
at this moment the strain distribution and the deformation of
the whole bridge subjected to the tsunami-induced wave
impact are shown in Fig. 25. The maximum vertical
displacement of front point at caisson foundation bottom is
39 mm, and that of back point at caisson foundation bottom
is 3 mm. Besides, the main deformation state of the
evaluated bridge in the tsunami-induced wave impact
analysis is similar to the natural vibration mode as shown in
Fig. 17(a). The displacement-time histories of key points in
evaluated steel bridge during tsunami-induced wave impact
are plotted in Fig. 26. In general, the displacements
obtained from the tsunami-induced wave impact analysis

are greatly less than those obtained from the former seismic
analysis. The effect of tsunami-induced wave impact is that
the plastic region of steel bridge is further enlarged.
Besides, the residual displacement is the vertical
displacement of front point at caisson foundation bottom of
39 mm due to the buoyancy, and no sliding at the bottom of
caisson foundation is observed during analysis. It is
concluded that the effect of tsunami-induced wave impact
on the steel bridge with large caisson foundation is greatly
less than that of the earthquake.

7. Conclusions

A numerical simulation for evaluating the accumulative
damage of a cable-stayed steel bridge subjected to both
strong earthquake and post-earthquake tsunami-induced
wave impact is proposed in this study. The following
conclusions can be obtained:

(1) The tsunami-induced wave impact is determined by
3D fluid analysis. Different cases including the
Case 1 assuming that the earthquake and the
tsunami come from the same fault motion and the
Case 2 assuming that the maximum tsunami height
and flow velocity in the historical record are
employed.

(2) The numerical results of seismic response analysis
in this study illustrates that the maximum strain (=
1.28¢,, steel of SM570) occurs at the compression
side of the tower, the yielded region is less than the
non-yielded region, and some  residual
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displacements occur in the top of the main tower of
the steel bridge.

(3) Both the damage due to earthquake and the damage
due to tsunami-induced wave impact are
quantitatively considered in this study, and the final
accumulative damage can be calculated based on
the proposed method in this study. The damage due
to the tsunami-induced wave impact is greatly less
than the damage due to earthquake.

(4) If the evaluated steel bridge did not collapse in the
strong earthquake, the following tsunami-induced
wave impact could not lead its collapse.

Future studies are underway by the authors to extend
this numerical study to experimental investigation.
Although there are many challenges of conducting
experimental tests considering the accumulative effect, it
may be necessary to characterize and simulate the
accumulation damage by experimental method. The basic
experimental investigations include the validity for the
tsunami propagation analysis, the validation of the 3D fluid
analysis, the benchmark study for the seismic structural
analysis, and so on. The proposed method in this study is an
attempt for evaluating the accumulative damage subjected
to strong earthquake and tsunami-induced wave impact,
however, the method may need revision based on future
experimental results.
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