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Marine infrastructures are generally vulnerable to strong seismic waves propagating through their

seabed foundation. However, only limited attentions have been given to the dynamic seabed response

around marine structures under strong seismic loading in the past, although numerous cases of failure

of marine infrastructures during strong earthquake events have been reported in the literature. In this

study, employing the dynamic Biot’s equation as the governing equation, in which the accelerations of

both soil and pore water are considered, a three-dimensional (3D) FEM soil model for consolidation and

dynamic analysis is developed. With the proposed model, the dynamic response of a rubble mound

breakwater and its porous seabed foundation under the seismic wave recorded in the Japan 311 off the

pacific coast of Tohoku earthquake (ML magnitude¼9.0) is investigated. Numerical results indicate that

the rubble mound breakwater vibrates strongly in the earthquake process. The porous seabed

foundation amplifies the seismic wave significantly from the bottom to the surface.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

In the last two decades, constructions of marine infrastruc-
tures such as breakwaters, oil platforms and wind turbines have
been dramatically growing up due to economic activities. The
stability of these marine structures under the environmental
loading is the main concern for the coastal and geotechnical
engineers involved in the design processes. As a kind of marine
structures, rubble mound breakwaters have been widely adopted
for the protection of coastal zones worldwide, especially in Japan
and Spain. In general, two types of environmental loading in
offshore environment have been considered in the design of
marine structures. One is hydrodynamic loading (including waves
and currents) and the other is the earthquake induced loading. In
this study, the second-type of environmental loading–seismic
loading will be studied.

In engineering practice, the seismic coefficient method based on
the static analysis is widely adopted to simply consider the seismic
response of breakwater against the earthquake damage. The seismic
loading is not a conventional loading for breakwaters, because a
strong earthquake may not occur in the zones near marine infra-
structures. However, once an earthquake occurs nearby, the
damage to these marine structures would be devastating. For
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example, the failure of marine structure in Los Angeles (USA) in
1994, Kobe (Japan) in 1995, Kocaeli (Turkey) in 1999; Athens
(Greece) in 1999 and Sumatra (Indonesia) in 2003. Numerous cases
of the earthquake induced failure of marine structures have been
reported in the literature [1–4]. Therefore, besides the wave
loading, the seismic loading should be considered for some impor-
tant structures built in active seismic zone, for example, the east
coast of Japan. More sophisticated seismic response analysis is
needed, rather than adopting the quasi-static design method.

Dynamic response of breakwaters under wave loading has
been extensively studied since the 1980s [5]. To date, the
experimental and numerical investigation on the seismic
response of a rubble mound breakwater under earthquake load-
ing have been limited. Among these, Yuksel et al. [4] analyzed the
seismic wave induced deformation of breakwater at the Eregli
Fishery port during 1999 Koceali Turkey earthquake based on the
material obtained from the field sites. A series of shaking table
tests were carried out to investigate the seismic response and
stability of a rubble mound breakwater, together with numerical
study [6,7]. The dynamic water pressure acting on the outer
surface of the rubble mound breakwater was taken into consid-
eration based on the Westerggard’s equation [8]. In their experi-
ments, they found the response acceleration related to the depth
of sandy bed is ignorable; and the sandy bed plays a dominant
role in the prediction of the breakwater failure. Similar shaking
table tests were also conducted by [9]. Based on the previous
experimental data [6,7], Memos et al. [10] further numerically
investigated the seismic response of rubble mound breakwater
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using a coupled model, in which the boundary element method is
used to solve the fluid domain. The coupling process is imple-
mented through the iteration and the continuity of displacement
at the interface between the rubble mound breakwater and water.
However, the governing equations for sandy bed and pore fluid
were not presented, and the input motion was only harmonic
shaking, not a real seismic wave.

Recently, Jafarian et al. [11] adopted the commercial software
FLAC to estimate the permanent displacement, in which the
Mohr–Coulomb constitutive model and the pore pressure built-
up model [12] were used. Due to the fact that the Mohr–Coulomb
model used is a simplified model, this method is only applicable
to limited cases. Later, Cihan and Yuksel [13] further investigated
the deformation of a rubble mound breakwater under horizontal
harmonic vibration. In their experiments, it was found that the
rubble mound breakwater would collapse under strong vibra-
tions. In their numerical study, the commercial software PLAXIS
was adopted. The horizontal harmonic vibrations were applied to
the base of the breakwater. However, neither pore water in a
rubble mound breakwater nor dynamic pressure acting on the
lateral sides of the breakwater induced by the vibration of the
breakwater were considered. All the aforementioned numerical
models for the seismic analysis of rubble mound breakwaters
have been limited to 2D. To the authors’ best knowledge, the
investigation regarding the seismic response of a rubble mound
breakwater in 3D has not been available in the literature.

Generally speaking, the seabed response under dynamic load-
ings (e.g., wave, currents, earthquakes, etc.) consists of two
components, i.e., transient and progressive. For the progressive
mechanism, the mean of pore pressures will be built up during
the loading, which has been studied by most earthquake engi-
neers. For the transient mechanism, it is an oscillatory fluctuation
of pore pressure around the mean (i.e., the build-up pore
pressures). In engineering practice, the probability of residual
(i.e., pore pressure build-up) liquefaction of a seabed foundation
needs to be evaluated through some measurements before break-
water is constructed, such as the SPT, relative density Dr and
speed of P and S wave, etc. If the seabed foundation of a site is
evaluated that it is quite possible to liquefy, it is not advisable to
have construction of marine structures. The seabed with high
relative density and SPT is generally chosen as the foundation of
marine structures, because the rearrangement of soil particles
and compaction of in situ soil are unlikely to occur under dynamic
loading. However, due to the impulsive loading of earthquakes,
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Fig. 1. The computational domain of
the transient liquefaction may still occur, as the upward seepage
force becomes greater than the self-weight of soil. Since the build-
up of pore pressure will not considered in the transient mode, a
poro-elastic theory can be used for the simulation of dynamic
response. In this study, we will focus on the second mechanism.

In this study, based on Biot’s dynamic poro-elastic theory
(‘‘u�p’’ approximation [14]), in which the accelerations of soil
particles are considered, a 3D FEM program is further developed.
This model is developed on the basis of the 2D FEM program
DIANA SWANDYNE-II [15,16]. By adopting the developed 3D
numerical model, the seismic response of a rubble mould break-
water resting on a 3D poro-elastic seabed under a strong earth-
quake loading is investigated numerically.
2. Boundary value problem

2.1. Governing equation and model verification

It has been well known that seabed is a porous medium
consisting of soil particles, pore water and trapped air. Biot’s
poro-elastic theory has been widely adopted to describe the
mechanical behavior of a porous medium. In this study, the
seabed is treated as a poro-elastic, isotropic and homogeneous
porous medium. The computational domain adopted is shown in
Fig. 1. Biot’s dynamic poro-elastic theory [17], the ‘‘u�p’’ approx-
imation [14], is used as the governing equation for porous seabed
and the rubble mound breakwater. The relative displacements of
pore fluid to the soil particles are ignored, however, the accelera-
tions of soil particles are included.

Based on conservation of mass and force balances, the govern-
ing equations can be expressed as
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Fig. 3. Input harmonic horizontal excitation and comparison between the numer-

ical results and experimental acceleration data. (a) Comparison (solid lines¼nu-

merical results, dashed lines¼experimental data). (b) Input harmonic horizontal

excitation.
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where ðus,vs,wsÞ represents the soil displacements in the x-, y-, z-
directions, respectively; n is soil porosity; s0x, s0y and s0z are
effective normal stresses in the horizontal and vertical directions,
respectively; txy, txz and tyz are shear stresses; ps denotes the pore
pressure in seabed; r¼ rf nþrsð1�nÞ is the average density of
porous seabed; rf is the fluid density; rs is solid density; k is the
Darcy’s permeability (an isotropic seabed is considered in this
study); g is the gravitational acceleration and E is the volumetric
strain. In Eq. (4), the compressibility of pore fluid (b) and the
volume strain (E) are defined as

b¼
1
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where Sr is the degree of saturation of seabed, pw0 is the absolute
static pressure and Kf is the bulk modulus of pore water.

In this study, the poro-elastic constitute model is used to
describe the soil behavior. Then, the effective normal stresses and
shear stresses can be expressed in term of soil displacements,
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where the shear modulus G is related to Young’s modulus E by the
Poisson’s ratio m in the form of E=2ð1þmÞ.

The above governing equations are solved by adopting a 3D
FEM program, which was developed based on the 2D FEM
program DIANA SWANDYNE-II [15,16]. This 3D FEM program is
actually an extension of the 2D FEM program DIANA SWANDYNE-
II. DIANA SWANDYNE-II has been widely verified by a range of
laboratory tests, e.g., VELACS project [16]. The capability of the
developed 3D FEM program to model the seismic response of soil
also has been documented by [18] adopting the model 12 of
VELACS project. Herein, the centrifuge test conducted by Elgamal
et al. [19] is used to further validate this 3D FEM program through
the acceleration response.

Elgamal et al. [19] conducted a series of centrifuge tests to
investigate the dynamics of an embankment foundation under
seismic wave loading. Here, the tests in which the embankment
foundation consisting of Nevada loose sand (Dr¼40%) is adopted
for the verification of the proposed numerical model. The experi-
mental setup is shown in Fig. 2. A clayed sand (mixture of Kaolin
clay and Nevada sand (1:4 weight ratio) embankment was built
on the Nevada loose sand (Dr¼40%)). The Nevada loose sand
foundation was saturated with a prototype permeability coeffi-
cient k¼ 5:5� 10�4 m/s. The centrifuge test was performed at
the acceleration of 75g. One-dimensional horizontal harmonic
Fig. 2. The experimental set up of the centrifuge test conducted by E
shaking wave was applied along the model long axis. The
maximum acceleration is 0.18g; and the frequency is 1.6 Hz (see
Fig. 3 (b)). Totally, there are 10 cycles in the input harmonic
horizontal shaking.
lgamal et al. [19]. Note: all dimensions have been scaled by 75g.



Fig. 4. The schematic map of hydrostatic pressure acting on the rubble mound

breakwater and seabed. (a) Section x¼180 m. (b) Section y¼276.5 m.
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According to the parameters reported in [16], the parameters
Kev0 and Kes0 are identified as 770 kPa and 1155 kPa, respectively
when the average confined stress p0¼4 kPa. Based on the follow-
ing relationships:

K ¼ Kev0
p0

p0
, G¼ Kes0

p0

3p0
,

m¼ 3K�2G

2ð3KÞ
, E¼ 2Gð1þmÞ, ð7Þ

where p0 is the confined stress in soil at a position. Obviously, p0 is
not a constant in soil. K is the bulk modulus. To simulate the
seismic dynamics of the clayed sand embankment and the
Nevada loose sand foundation adopting the developed 3D FEM
program by using elastic model, constant Young’s modulus E and
Poisson’s ratio m of the embankment and foundation need to be
estimated based on the above mentioned parameters and rela-
tionships by taking an appropriate average confined pressure p0

for the embankment and foundation. Finally, the Young’s mod-
ulus of the embankment and foundation are estimated as
13.6 MPa and 8 MPa, respectively; and the Poisson’s ratio of the
embankment and foundation are estimated as 0.2857 and 0.3101
for the numerical computation, respectively.

Fig. 3 illustrates the comparison between the numerical results
and experimental acceleration data [19]. As shown in Fig. 3, an
overall agreement between the numerical results and experimen-
tal data is observed. The deviation between numerical results and
experimental data may mainly be attributed to the identification
of parameters used in the computation.
2.2. Boundary conditions

The computational domain chosen is a large scale seabed-
breakwater model. The size of seabed is 370 m�370 m�30 m
(length�width� thickness); and a rubble mound breakwater
(length¼220 m, bottom width¼53 m, height¼16 m, slope
gradient¼2:3) is built on the seabed. Boundary conditions used
in computation are outlined here:
(1)
 The bottom of seabed is considered as rigid and impermeable

@ps

@z
¼ 0 at z¼ 0: ð8Þ
(2)
 The front and rear lateral sides of the seabed, and the end side
of the rubble mound breakwater are also impermeable

@ps

@y
¼ 0 at y¼ 0 and y¼ 370 m: ð9Þ
(3)
 The hydrostatic pressure is applied on the surface of a the
seabed and the outer surface of the rubble mound break-
water. All hydrostatic forces are perpendicular with the
surfaces (Fig. 4). The consideration of the hydrostatic pres-
sures in seismic analysis is necessary because that the
application of the hydrostatic pressure on the seabed and
the rubble mound breakwater could significantly change the
natural frequency of the seabed and the rubble mound
breakwater [7]. It will further affect the resonance phenom-
enon of marine structures. It is noted that the effect of the
vibrated seabed foundation and marine structures on the
static water level is not considered in this study. The vibrated
seabed and marine structures could lead to the generation of
small wave in sea water. The previous experiments indi-
cates that the dynamic pressure acting on the seabed and
the rubble mound breakwater induced by the small wave
generally only accounts for a small percentage of the total
pressure [7].
(4)
 The seismic accelerations in three directions (E–W, N–S and
U–D (vertical)) are applied to the four lateral sides and the
bottom of computational domain simultaneously. In this
study, the acceleration in E–W, N–S and U–D direction are
applied to the x-, y- and z-direction respectively.

ðaxÞt ¼ ðaEWÞt

ðayÞt ¼ ðaNSÞt

ðazÞt ¼ ðaUDÞt

8><
>: on four lateral sides and bottom ð10Þ

where ðaxÞt , ðayÞt and ðazÞt are the accelerations in the x-, y-
and z-directions on lateral sides and bottom of computational
domain at time t. ðaEWÞt , ðaNSÞt and (aUDÞt are the input seismic
acceleration at E–W, N–S and U–D (vertical) directions at time
t. Such an application of seismic acceleration to the bound-
aries of computational domain is similar to that in shaking
table tests and centrifuge tests. This method could effectively
avoid the generation of reflected wave in a seismic analysis.
Otherwise, the viscous absorbing boundary has to be used if
the seismic wave is the only input at the bottom of the seabed
foundation in numerical simulation [11]. In the process of
seismic waves propagation, the chosen computational
domain may be insufficient to ensure the attenuation of
seismic waves, when it passes through the seabed foundation.
Therefore, it is reasonable to apply the same seismic wave to
each lateral side and the bottom of the seabed foundation at
each analysis time step [15,18].
In general, the seabed foundation under a rubble mound
breakwater has been consolidated before the seismic wave arriv-
ing. The consolidation status of the seabed foundation under the
rubble mound breakwater should be taken as the initial condition
for the earthquake analysis. The consolidation of the seabed
foundation under the rubble mound breakwater and hydrostatic
pressure is firstly determined. Taking the final consolidation
status as the initial condition, the seismic responses of the seabed
foundation and the rubble mound breakwater are then
investigated.

It is noted that the hydrodynamic loading on a marine
structure during an earthquake event is not considered in this
study. In fact, except the extreme cases such as tsunamis, the
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hydrodynamic loading is much less than the seismic loading
during an earthquake event. Furthermore, the dynamic wave
pressure amplitude is much smaller than the hydrostatic water
pressures. Therefore, we ignore the hydrodynamic loading in this
study. To include the effects of extremely hydrodynamic loading
(i.e., tsunamis), hydrodynamic model for tsunamis are required.
However, the existing wave models for tsunami waves can only
predict the wave characteristics for the wave propagation, but not
during the earthquake loading. For the combined tsunamis and
earthquake loadings, there is no hydrodynamic model available.
3. Earthquake input data

In this study, the seismic waves induced by the Japan 311 off
the pacific coast of Tohoku earthquake (ML magnitude¼9.0) is
used as the earthquake loading to apply the dynamic loading to
the seabed foundation and rubble mound breakwater. To apply a
strong seismic loading to the seabed foundation, the seismic wave
of accelerations recorded at a place where near to the epicenter of
earthquake and located near coastline is chosen as the input
seismic accelerations in computation.

The seismic wave recorded at the observation station labeled
as MYGH03 (located at 141.6412E, 38.9178N) is chosen as the
input earthquake loading (provided by National Research Insti-
tute for Earth Science and Disaster Prevention (NIED) in Japan).
The distance from this chosen observation station to the epicenter
(142.9E, 38N) is 154 km (Fig. 5(a)); and this observation station is
near the coastal line of pacific ocean (Fig. 5(b)). Therefore, the
chosen input seismic acceleration wave in this study is similar as
close as possible with the real seismic wave propagating to the
seabed foundation.

There are two types of seismic waves recorded at observation
station MYGH03. One is recorded on ground and the other is
recorded at the position underground. Undoubtedly, the seismic
wave recorded on ground is significantly affected by the site
conditions. The acceleration recorded generally is amplified by the
soil layers. However, the seismic acceleration wave recorded under-
ground is not affected by the site conditions. Therefore, the seismic
acceleration wave recorded underground is used in this study
(Fig. 6). It is found in Fig. 6 that the seismogenic fault in the sub-
duction zone of pacific plate dislocates two times in the earthquake
event. The vibration induced by the first dislocation is stronger than
that induced by the second dislocation. The maximum acceleration
45°
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130° 135° 140° 145°

Fig. 5. The position of the observation station MYGH03 (installed by NIED in Japan
in E–W, N–S and U–D (vertical) direction are 133.2 cm/s2, 153.7 cm/s2

and 121.7 cm/s2, respectively. The duration of this strong earthquake
is about 200 s (from 25 s to 225 s).
4. Results and discussion

In this section, the dynamic responses of a rubble mound
breakwater and its seabed foundation under the strong earth-
quake loading are investigated. The properties of the seabed
foundation and the rubble mound breakwater are listed in
Table 1. It is noted that an unsaturated seabed is considered
in this study. It is not uncommonly to have unsaturated seabed in
the real marine environments. Numerous evidences have been
reported in the field study [20–22]. It is reported that the in site
degree of saturation of marine sediments normally lies in the
range of 85% to 100%. There are air bubbles, methane more or less
in the seabed soil. Some previous models have limited their
models to the saturated soils mainly because of that their models
cannot consider the non-saturation of soil. The compressibility of
pore water in an unsaturated soil is significantly different from
that in a fully saturated soil. The three-dimensional iso-para-
metric brick element with 27 nodes is used to discrete the
computational domain, which is the complete third-order ele-
ment, deserving highly accurate results.

4.1. Response of rubble mound breakwater

It is assumed that a rubble mound breakwater is built on the
seabed in the offshore environment near to the observation
station MYGH03. In this section, the dynamic response of a
rubble mound breakwater to the Japan 311 off pacific coast of
Tohoku earthquake (ML magnitude¼9.0) is studied. The dynamic
response of a series of points on the rubble mound breakwater is
monitored in the seismic analysis. The coordinates of these points
(B1–B7) are shown in Fig. 7. Herein, the point B1 (274 m, 150 m,
46 m) which locates at the top corner of the head of rubble
mound breakwater is chosen as the representative position for
the investigation of the dynamic response of a rubble mound
breakwater.

Figs. 8–10 illustrate the historic curves of dynamic response of
acceleration, velocity and displacement of the rubble mound
breakwater at position B1 under the strong earthquake loading.
As shown in Fig. 8, the maximum acceleration in E–W, N–S and
). It locates at the point (141.6412E, 38.9178N) near to the east coast of Japan.
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Fig. 6. The input seismic acceleration wave recorded at observation station MYGH03 in the Japan 311 off the pacific coast of Tohoku earthquake (ML magnitude¼9.0).

Table 1
Properties of sandy seabed and the rubble mound breakwater adopted in

calculation.

Object G (N/m2) m Sr (%) k (m/s) n Special gravity

Seabed 6:0� 107 0.3333 98 1:0� 10�4 0.3 2.65

Breakwater 1:0� 109 0.25 100 2:0� 10�1 0.35 2.65

Fig. 7. The positions of points B1–B7 on/in the rubble mound breakwater.

Coordinates of points: B1: (274, 150, 46); B2: (267, 150, 37.5); B3: (250, 150,

30); B4: (274, 248.6, 46); B5: (267, 248.6, 37.5); B6: (250, 248.6, 30); B7: (276.5,

248.6, 35.5).
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U–D direction at B1 is 8.46 m/s2, 4.39 m/s2 and 3.57 m/s2. Com-
pared with the maximum input acceleration in the three direc-
tions, it is found that the accelerations are amplified greatly when
the seismic wave propagating in a porous seabed and rubble
mound breakwater. The magnification of the response accelera-
tion at B1 in E–W, N–S and U–D direction is 6.35, 2.86 and 2.93
respectively. It indicates that the horizontal acceleration in E–W
direction is amplified most strongly relative to the amplification
in other two directions. This could be attributed to the config-
uration of the rubble mound breakwater. The rubble mound
breakwater is built along the y-axis (N–S direction). In the E–W
(x) direction, the rubble mound breakwater is relatively small
(x¼250–303 m), and the two lateral sloped sides are free to
vibrate. The rubble mound breakwater is relatively large
(y¼150–370 m) in the N–S (y) direction, and the end of the
breakwater (y¼370 m) is fixed in y-direction. The gravity of a
rubble mound breakwater and a seabed undoubtedly could
prevent the vertical input seismic acceleration from amplifying
significantly.

As illustrated in Figs. 9 and 10, the maximum response
velocities and displacements at B1 in the E–W, N–S and U–D
direction are 1.59 m/s, 0.646 m/s, 0.286 m/s and 32.28 cm,
13.83 cm 5.94 cm respectively. It indicates that the dynamic
response in E–W direction is much more intensive than that in
other two directions.

The maximum response accelerations, velocities and displace-
ments on the six points (B1 to B6) are listed in Table 2. Among
these six points, B1 to B3 are located at the head of rubble mound
breakwater (y¼150 m); B4 to B6 are located at the middle part of
the rubble mound breakwater (y¼248.6 m). As illustrated in
Table 2, it is found that the dynamic response at the head and
the middle part of the rubble mound breakwater is a little
different. Furthermore, the rubble mound breakwater basically
has not amplified the dynamic response from its bottom to its top
on the same section. It is found that the amplification effect
mainly attributes to the porous seabed. The obvious difference of
dynamic response at the head and at the middle part of the
breakwater is that the maximum response accelerations in N–S
and U–D directions at the head of breakwater are much greater
than that at the middle part of breakwater.

Fig. 11 shows the dynamic response of pore pressure in the
rubble mound breakwater at point B7 (276.5 m, 248.6 m, 35.5 m,
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in the rubble mound breakwater). As mentioned in the previous
section, the small wave generated by the vibration of the seabed
foundation and the rubble mound breakwater is not taken into
consideration. As illustrated in Fig. 11, there is no any excess pore
pressure at B7 before the seismic wave arriving at the seabed
foundation. After the seismic wave arriving, the pore pressure at
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Table 2
The coordinates of chosen points on rubble mound breakwater, and their

maximum dynamic response of acceleration, velocity and displacement (Notice:

all points are on the left lateral sloped side of rubble mound breakwater).

Point B1 B2 B3 B4 B5 B6

x (m) 274 267 250 274 267 250

y (m) 150 150 150 248.6 248.6 248.6

z (m) 46 37.5 30 46 37.5 30

Acceleration

aEW (m/s2) 8.59 8.16 7.64 9.34 8.90 8.37

aNS (m/s2) 4.39 4.89 4.89 2.92 2,68 2.61

aUD (m/s2) 3.57 2.99 3.06 1.97 1.91 2.90

Velocity

vEW (m/s) 1.59 1.55 1.36 1.71 1.70 1.65

vNS (m/s) 0.65 0.76 0.84 0.46 0.47 0.49

vUD (m/s) 0.29 0.25 0.25 0.19 0.20 0.22

Displacement

dEW (cm) 32.27 31.63 28.85 35.74 35.11 33.45

dNS (cm) 13.83 15.57 17.42 11.15 11.50 11.65

dUD (cm) 5.94 5.62 4.30 4.77 4.54 4.21

J.H. Ye, D.-S. Jeng / Soil Dynamics and Earthquake Engineering 44 (2013) 14–26 21
B7 begins to vibrate, and generate the excess pore pressure in the
rubble mound. Due to the fact that the rubble mound breakwater
is considered as elastic medium, there is no residual pore pressure
generated in the rubble mound breakwater, only oscillatory
pressure exists. The maximum earthquake-induced excess pore
pressure reaches up to 17.7 kPa, equivalently 1.8 m water height
difference.

In offshore engineering, the response spectrums of marine
structures to an earthquake which probably occurs nearby the
site of seabed foundation are one of important factors for the
structure design. In general, coastal engineers attempt to design
marine structures to avoid the occurrence of resonance when an
earthquake occurs. The method is that the weight and shape of
marine structures is designed and controlled, making the natural
frequency of marine structures is different from the dominant
frequency of seismic waves. On the other hand, if the natural
frequency of a marine structure is known, the fortification
acceleration for the marine structure against the earthquake-
induced failure can be determined from the acceleration response
spectrum.

Fig. 12 illustrates the response spectrum of accelerations,
velocities and displacements of a rubble mound breakwater to
the strong earthquake loading (damping ratio¼5%, widely used in
structure design). From Fig. 12, it can be seen that the resonance
of a rubble mound breakwater would occur at the E–W, N–S
directions, and U–D directions, if the natural frequency of the
rubble mound breakwater is about 1.2 s and 0.45 s. Therefore, the
natural frequency of the rubble mound breakwater has to be
controlled to be out of the range of 0.4 s–0.5 s and 1.0 s–2.0 s in
design. It is suggested that the natural frequency of the rubble
mound breakwater is less than 0.4 s or greater than 2.0 s. Then,
the dynamic response of a rubble mound breakwater to the
strong earthquake loading could be controlled to be as little as
possible. As illustrated in Fig. 8, the maximum E–W acceleration
of the rubble mound breakwater at B1 is 8.59 m/s2, nearly 0.88g.
Accordingly, the fortification acceleration for this rubble mound
breakwater in this strong earthquake event should not be less
than 0.9g. In engineering practice, it is difficult or costly to design
a structure to defense an acceleration which is greater than 0.9g.
Therefore, the marine structures constructed near to the epicenter
are most likely to fail in the strong earthquake events.

4.2. Response of porous seabed

As a kind of natural foundation for marine structures, the
dynamic response of seabed foundation to seismic waves propa-
gating through the porous seabed is one of key factors to be
considered for the prevention of earthquake-induced failure. The
engineers must make an evaluation of seismic security for the
sites of foundation, to determine whether the chosen sites is
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seismic wave is an unfavorable factor for the stability of marine
structures.

Fig. 16 illustrates the dynamic response of pore pressure in the
seabed foundation at position S15. As shown in Fig. 16, the pore
pressure at S15 oscillates with a large amplitude under the
loading of strong earthquake, and generates the excess pore
pressure at S15. The maximum excess pore pressure reaches up
to 19.5 kPa, equivalently 1.99 m water height difference. At
position S14, the pore pressure also oscillates similarly with that
at position S15. The maximum excess pore pressure is 41.5 kPa
(4.23 m water height difference). It could be concluded that the
earthquake-induced excess pore pressure in a seabed foundation
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Table 3
The coordinates of S15, S14, and their maximum dynamic response of accelera-

tion, velocity and displacement.

Point S15 S14

(x, y, z) m (276.5, 248.6) (276.5, 248.6)

Acceleration

aEW (m/s2) 8.61 2.67

aNS (m/s2) 2.78 1.94

aUD (m/s2) 1.85 0.91

Velocity

vEW (m/s) 1.68 0.4759

vNS (m/s) 0.48 0.1874

vUD (m/s) 0.245 0.145

Displacement

dEW (cm) 34.52 10.44

dNS (cm) 10.95 6.95

dUD (cm) 4.6 4.0
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is positively related to the buried depth. The earthquake-induced
excess pore pressure increases with the depth. This finding is
consistent with the results reported in [10]. Although the excess
pore pressure in the region near the bottom of seabed foundation
is greater, the soil in the bottom region is difficult to be liquefied
due to that the upward seepage force cannot overcome the
weight of the overlying soil. Liquefaction only occurs in the region
near to the surface of porous seabed. In this study, what we
investigate is a poro-elastic seabed foundation. Therefore, there is
no built-up of the pore pressure in the seabed foundation. The
build-up of pore pressure under seismic loading will be further
investigated adopting elasto-plastic models in the future.

It has been recognized that the shear failure of seabed
foundation mainly depends on the shear stress txz developed in
seabed near to the rubble mound breakwater; and the liquefac-
tion of porous seabed is significantly affected by the dynamic
vertical effective stress s0z developed in seabed. Due to the fact
that the point S15 is located at the symmetrical plane x¼

276.5 m, the shear stress txz at S15 is always near zero, and the
seabed under the rubble mound breakwater cannot liquefy
because of the compression of marine structures.

Another position P2 (238.33 m, 170 m, 29 m) is chosen as the
representative to investigate the dynamic response of effective
stresses under the strong earthquake loading (The Japan 311). P2
is located at the left side of the rubble mound breakwater. Fig. 17
shows the dynamic response of the vertical effective stress s0z and
txz at P2 to the strong earthquake loading. It can be seen that the
maximum dynamic s0z is 31.1 kPa. When the strong seismic wave
induced by the Japan 311 off pacific coast of Tohoku earthquake
goes through the seabed foundation (t¼50 s–100 s), the transient
tensile vertical effective stress appears at position P2. In this
period (t¼50 s–100 s), the transient liquefaction occurs at P2 (the
transient liquefaction occurs when the upward seepage force can
overcome the overburdened soil weight). Meanwhile, the max-
imum dynamic shear stress txz in 50 s–100 s reaches up to
24.1 kPa at P2. This great dynamic shear stress txz developed
due to the strong earthquake loading would lead to the shear
failure in the seabed foundation. In engineering design, the
liquefaction and shear failure induced by the probable strong
earthquake loading are suggested to be evaluated before the
marine structures are constructed.

Fig. 18 illustrates the response spectrum of acceleration,
velocity and displacement of a seabed foundation to the Japan
311 off pacific coast of Tohoku earthquake. These response
spectrums could provide very important basis for the design of
a rubble mound breakwater which would suffer from a strong
earthquake in its usage life. From the response spectrums of a
seabed foundation, the engineers can take measurements to avoid
the natural frequency of marine structures approaching the
dominant frequency of seismic wave; and can determine the
fortification acceleration for marine structures to against the
earthquake damage. It is suggested that the natural frequency
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of rubble mound breakwater is less than 0.4 s or greater than
2.0 s. The corresponding fortification acceleration could be 0.9g or
0.1g–0.3g.
5. Conclusions

In this study, based on Biot’s dynamic poro-elastic theory, the
dynamic response of a rubble mound breakwater and its seabed
foundation to a strong seismic loading is investigated, with the
case study of the Japan 311 off pacific coast of Tohoku earthquake.
The input seismic wave used in this study is the record monitored
by the seismic observation station MYGH03, which is near the
epicenter (142.9E, 38.0N). The distance from the observation
station to the epicenter is 154 km. Based on the analysis results,
the following conclusions can be drawn:
(1)
 The dynamic response of a rubble mound breakwater to the
strong earthquake loading is significant. The maximum accel-
eration in E–W, N–S and U–D direction reaches up to 8.46 m/
s2, 4.39 m/s2 and 3.57 m/s2 respectively. The maximum of
magnitude of vibration of the breakwater is 32.27 cm in the
E–W direction.
(2)
 The amplification effect of acceleration is insignificant in the
rubble mound breakwater. However, the porous seabed can
amplify the seismic wave greatly; and the amplification of
acceleration in E–W direction is greater than that in N–S and
U–D direction. It also could be observed that the amplification
of seismic wave is negatively related to the depth. There is no
amplification at the bottom of a seabed foundation. The
amplification is greatest on the surface of a seabed founda-
tion. The amplification of acceleration could reach up to 6.35
times of the maximum input acceleration at the surface of the
seabed foundation in E–W direction.
(3)
 The response spectrums of acceleration, velocity and displa-
cement have been obtained in the earthquake analysis. The
response spectrums could provide the coastal engineers with
valuable information in the structure design. On the one side,
the occurrence of resonance should be avoided for marine
structures. On the other side, the fortification acceleration
against the earthquake-induced failure could be determined
based on the response spectrum of acceleration.
(4)
 In this study, the relative displacement of pore water to solid
matrix is ignored in the governing equations. This assumption
may be not applicable in the outer surface zone (armour
layer) of the rubble mound breakwater, because the relative
displacement of pore water in the zone could be great, if the
earthquake-induced water wave in the fluid domain is rela-
tively huge. In future, a fluid numerical model can be
integrated into the 3D FEM program through the displace-
ment continuity at the interface between solid domain and
fluid domain, to investigate the motion of seismic wave
induced water wave near to the rubble mound breakwater;
and the 3D FEM program can be further developed to include
the term of relative displacement of pore water to solid
matrix.
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