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Abstract: A large number of breakwaters have been constructed along coasts to protect humans and infrastructures from 
tsunamis. There is a risk that foundation soils of these structures may liquefy, or partially liquefy during the earthquake 
preceding a tsunami, which would greatly reduce the structures’ capacity to resist the tsunami. It is necessary to consider not 
only the soil’s liquefaction behavior due to earthquake motions but also its post-liquefaction behavior because this behavior 
will affect the breakwater’s capacity to resist an incoming tsunami. In this study, numerical tests based on a sophisticated 
constitutive model and a soil-water coupled fi nite element method are used to predict the mechanical behavior of breakwaters 
and the surrounding soils. Two real breakwaters subjected to two different seismic excitations are examined through numerical 
simulation. The simulation results show that, earthquakes affect not only the immediate behavior of breakwaters and the 
surrounding soils but also their long-term settlements due to post-earthquake consolidation. A soil profi le with thick clayey 
layers beneath liquefi ed soil is more vulnerable to tsunami than a soil profi le with only sandy layers. Therefore, quantitatively 
evaluating the seismic behavior of breakwaters and surrounding soils is important for the design of breakwater structures to 
resist tsunamis.
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 1   Introduction

Tsunamis, common disasters induced by earthquakes, 
pose a major threat to human society in coastal regions. 
It is reported that the tsunami triggered by the Great 
East Japan Earthquake on March 11, 2011, caused 
unprecedented damage to well-engineered buildings and 
coastal structures (Yen et al., 2013). Although a large 
number of breakwaters have been constructed along the 
coast to prevent tsunami-related damage, a surprisingly 

large number were unable to protect humans and 
onshore infrastructure. One of the main reasons for their 
failure was   the liquefaction of the ground supporting 
the breakwaters’ foundations. Because the propagation 
velocity of seismic excitations is greater than that of 
tsunamis, the ground could have been liquefi ed before 
the tsunami arrived. As noted by Wang et al. (2013) and 
Sawicki et al. (2009), when a breakwater sits on liquefi ed 
soils and is subjected to an earthquake, it exhibits a large 
settlement after excess pore water pressure (EPWP) has 
built up in the ground. As a result, the breakwater’s ability 
to resist the tsunami drops signifi cantly. Devastating 
damage to the breakwaters and other structures built 
on liquefi ed or partially liquefi ed soil were recorded 
in the tsunami generated by the 2011 Great East Japan 
Earthquake (Imase et al., 2012).

Unfortunately, many breakwaters have been 
designed without considering this type of combined 
loading, consisting of both earthquake motion that may 
cause liquefaction and tsunami loading that may cause 
catastrophic failure of infrastructure. Therefore, the 
performance of breakwaters during or after an earthquake 
needs to be investigated more closely. However, it is 
quite diffi cult to investigate not only the instant reaction 
of a breakwater subjected to a strong earthquake but 
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also the consequential long-term settlement of soft 
ground, including sandy and clayey soils, using physical 
models. Hence, numerical tests based on   a sophisticated 
constitutive model and the soil-water coupling fi nite 
element method (FEM) could be appropriate approaches 
for predicting the behavior of breakwaters in this 
increasingly important engineering problem. 

Numerical testing has the potential to become an 
effective tool for investigating the mechanical behavior of 
earth structures in geotechnical engineering. Moreover, 
this type of test has many advantages over ordinary 
experimental methods. First, the loading conditions 
and the ground conditions can be rapidly and effi ciently 
changed at no extra cost. Second, numerical tests are 
capable of reproducing the responses of liquefi ed and 
partially liquefi ed soils with different densities, different 
loading histories and different soil layer characteristics. 
Of course, to makes sense, the constitutive model used 
in the numerical test should be able to describe the 
mechanical behavior of the soils subjected to different 
loadings under different conditions in a unifi ed way. 
The aims of this study are to investigate the seismic 
performance of soils on which two breakwaters are laid 
when they are exposed to an earthquake and to examine 
how much the breakwater’s effectiveness deteriorates 
after the earthquake and before the following tsunami’s 
arrival. In the numerical test in this study, all of the 
soil parameters are fi xed in all loading processes. The 
calculated results are then compared and discussed to 
reach useful conclusions, just as in a physical model test. 
As the breakwater may experience large subsidence or 
tilting and become unstable or damaged during a strong 
earthquake, so its capacity to resist a tsunami after an 
earthquake may greatly decrease.

It is commonly known that sandy soils can liquefy 
during an earthquake, while it would take a long time for 
the full consolidation of clayey soils after an earthquake. 
Recent research revealed that even if the clayey soils 
would not liquefy, they might lose more than half of the 
mean effective stress in undrained cyclic triaxial loading 
tests (Furuta, 2003). In addition, the clay will shrink and 
consequently the ground will settle after the dissipation of 
the EPWP. To investigate the nonlinear dynamic behavior 
of soils during earthquake loading, Pastor et al., (1990) 
introduced a very effective general model describing the 
behavior of sands and clays under monotonic or transient 
loading. Wang et al. (1990) proposed a bounding surface 
hypoplasticity model and investigated the nonlinear 
behavior of sand. Wang and Xie (2014) developed a 
modifi ed bounding surface hypoplasticity model to 
capture distinct dilatancy behaviors of loose and dense 
sandy soils during various phases of undrained cyclic 
loading based on observations from laboratory tests. By 
adopting the concepts of subloading (Hashiguchi and 
Ueno, 1977) and superloading (Asaoka et al., 2002), 
Zhang et al. (2007) proposed a constitutive model which 
can describe the mechanical behavior of soils under 
different drainage and loading conditions. Because 

the intermediate principal stress has a great effect on 
the mechanical behavior of soils (Ye et al., 2012 and 
2013), Zhang et al. (2011) and Ye et al. (2012) extended 
Zhang’s model to describe the mechanical behavior of 
soils under general three-dimensional stress conditions. 
Based on Zhang’s model, Ye et al. (2007) conducted a 
series of numerical analyses using an FEM code called 
DBLEAVES (Ye, 2007) to simulate shaking-table tests 
of a saturated sandy soil under repeated liquefaction-
consolidation processes. Their numerical simulations 
were able to produce the responses of liquefi ed grounds 
with different densities and stress-induced anisotropies 
during repeated shaking and consolidation processes. In 
addition, the program DBLEAVES is capable of solving 
many geotechnical engineering problems related to 
static-dynamic loading under different boundary and 
drainage conditions for earth structures, including 
embankment, group-pile foundations, retaining walls et 
al. Using this program, the mechanical properties of soils 
and structures under static loading and dynamic loading 
can be accurately predicted. These capabilities showed 
the potential of the numerical method to describe the 
liquefaction or partial liquefaction of soils.

In addition to the above-mentioned works, there are 
many other studies (Novikova et al., 2007; Huang et 
al., 2010) on ground liquefaction using fully nonlinear 
numerical simulation methods. Huang et al. (2012) 
conducted a seismic liquefaction analysis of a reservoir 
dam foundation before and after anti-liquefaction 
treatments to confi rm the effectiveness of treatments 
used during an earthquake. Hur et al. (2010) carried 
out numerical simulations to investigate wave-induced 
EPWP and fl ow changes inside the rubble mound of a 
composite breakwater and its seabed foundation. Ye et 
al. (2015 and 2016) performed nonlinear simulations to 
investigate the seismic dynamics of offshore breakwaters 
on liquefi able seabed foundation. Bao et al. (2016) 
analyzed the co-seismic and post-seismic behavior of a 
wall type breakwater on a natural ground composed of 
a liquefi able layer using soil-water fully coupling fi nite 
element method. It is, therefore, reasonable to say that 
numerical simulation can be used as an important tool to 
investigate the response of geotechnical structures.

In this study, numerical tests on two real breakwaters 
constructed on the seabed forty years ago are performed 
to evaluate the tsunami resistance capacity of existing 
breakwaters that were not designed based on the 
combined loading of the earthquake motion and tsunami.

2 Evidence for liquefaction damage to 
      breakwaters before tsunami

Because seismic excitations propagate much faster 
than tsunamis, they can cause the foundation soils of 
breakwaters to liquefy before a tsunami arrives, making 
the breakwaters vulnerable. Figure 1(a) and (b) showed 
two different failure modes of U-shaped water irrigation 
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pipes caused by ground liquefaction and tsunami 
generated in the 2011 Great East Japan Earthquake. 
Figure 1(a) is a photograph taken from the site without 
liquefaction while Fig. 1(b) is a photograph taken from 
the liquefi ed site nearby the site in Fig. 1(a). In Fig. 1(a), 
the pieces of the guide rail damaged by the tsunami 
scattered widely, but the water tubes remained intact 
because the surrounding ground did not liquefy. By 
contrast, as shown in Fig. 1(b), taken from the liquefi ed 
site nearby, not only was the guide rail damaged but 
the water tubes had fl oated to the surface and scattered 
widely; some were 100 meters away from the original 
site. This damage occurred because the surrounding 
ground had experienced severe liquefaction before the 
tsunami struck; the tubes fl oated to the surface and 
were washed away by the tsunami at the time about 30 
minutes after earthquake loading. To properly design 
a breakwater placed on soft soil, it is very important 
to understand not only tsunami forces but also the 
mechanical behavior of the surrounding soil during 
and after an earthquake. Generally speaking, it is very 
diffi cult, though not impossible, to conduct a physical 
model test and examine how a breakwater reacts to 
earthquake motions and subsequent tsunamis. Numerical 
tests based on a rational and sophisticated constitutive 
model for soft soil, however, make it possible to assess 
the above-mentioned behavior.

3 Numerical tests with soil-water coupled 
    dynamic analyses

3.1 Outline of the constitutive model for soils

The selection of a constitutive model to describe the 
behavior of both liquefi ed and partially liquefi ed soil is 
a key factor in the accuracy of the numerical analysis. 
In this dynamic analysis using numerical tests, soils are 
modeled by the Cyclic Mobility Model, a kinematic 
hardening elastoplastic model with an associated fl ow 
rule that was initially proposed by Zhang et al. (2007). 
The main feature of this model is its capacity to describe 
the static and dynamic behavior of soils by considering 
the effects of stress-induced anisotropy, density, and the 
structure formed during the natural deposition process in 

a unifi ed way. A detailed description of this model can 
be found in Zhang et al. (2007 and 2011). In the model, 
eight parameters are employed, fi ve of which, namely, 
M, N, λ, κ, and ν, are also used in the Cam-Clay model. 
The other three parameters (a, the parameter controlling 
the collapse rate of the structure; m, the parameter 
controlling the loss rate of the overconsolidation 
ratio or changes in soil density; and br, the parameter 
controlling the rate of development of the stress-induced 
anisotropy) have clear physical meanings and can be 
easily determined by undrained triaxial cyclic loading 
tests and drained triaxial compression tests.

This model was originally developed to describe the 
features of clean sands, including its cyclic mobility, 
liquefaction strength, stress-strain relation, and 
effective stress path. Nevertheless, it is also capable 
of describing the behavior of clayey soils. The main 
differences between the mechanical behavior of sands 
and clays are the collapse rate of structure and loss rate 
of overconsolidation (Asaoka, 2003). For sands, the 
collapse rate of the structure is the high and the loss rate 
of overconsolidation is low. On the contrary, for clays, 
the collapse rate of the structure is low, whereas the loss 
rate of overconsolidation is high. A detailed description 
of the model can be found in the work of Zhang et al. 
(2007, 2011).

3.2  Problem description

In this study, numerical tests were performed on 
two real breakwaters, Breakwater N and Breakwater 
C, constructed on the seabed and the section views of 
the breakwaters with their soil foundations are shown in 
Figs. 2 and 3, respectively. The 2D numerical analyses 
were conducted using the program DBLEAVES. The soil 
profi les for the two breakwaters, shown in Figs. 2 and 3, 
mainly consisted of sandy and clayey soils. Breakwater N 
was placed on a loose sandy layer, whereas Breakwater C 
was placed on a soft clayey layer. As shown in Fig. 2, the 
computation domain of the foundation for Breakwater N 
is 240 m in length and 43 m in height. From top to the 
bottom, the ground underneath Breakwater N consists of 
a loose sandy layer As, three clayey layers Ac-1, Ac-2 
and Ac-3, and a dense sandy layer Ds. The thickness of 
each soil layer is 8 m (As), 11 m (Ac-1), 16 m (Ac-2), 

(a) Damage due to tsunami only (b) Damage due to liquefaction and tsunami

Fig. 1   Different damage patterns of U-shaped water tubes in 2011 Great East Japan Earthquake



328                                            EARTHQUAKE ENGINEERING AND ENGINEERING VIBRATION                                             Vol.17

2 m (Ac-3) and 6 m (Ds). A rubble mound lies beneath 
the concrete caisson in Breakwater N. The size of each 
part of breakwater N is shown in Fig. 2, in which the 
total height of the breakwater is 8.5 m, while the length 
of the rubble mound is 37 m. The soil profi le of the 
foundation underneath breakwater C is more complex 
than that underneath breakwater N. Figure 3 shows that 
the ground mainly consists of four clayey layers Ac-1, 
Ac-2, Ac-3 and Ac-4, and fi ve sandy layers As-2, As-3, 
As-4, As-5 and Ds. The soil underneath the breakwater 
C was replaced by dense sand As-1. The soil beneath 
the Ds layer is the bed rock T. The thickness of each 
soil layer and size of the breakwater are shown in Fig. 3. 
It is known from past experiences that a saturated sand 
stratum in a shallow layer would liquefy easily and a soft 
clayey surface layer would deform signifi cantly even if 
it does not liquefy during a strong earthquake. For this 
reason, even if a breakwater does not fail immediately 
after an earthquake, the ground settlement and the 

decrease in the shear resistance of foundation soils due 
to liquefaction or a signifi cant reduction in the effective 
stress would be catastrophic for the breakwater.

In the analyses performed here, the boundary and 
drainage conditions of the ground were as follows: 
(a) the base nodes of the FE mesh were assumed to 
be totally fi xed; (b) the nodes of two lateral sides of 
the computation domain with a length of 240 m were 
restricted by an equal-displacement condition. As the 
equal-displacement boundaries were assumed between 
the nodes on two lateral sides at the same level of the 
ground, the ground would shake in horizontal direction 
just as the case in shaking table tests when the seismic 
wave is applied from the base. Regarding the drainage 
conditions, the bottom and two lateral sides were 
impervious while the ground surface was assumed to be 
a drainage boundary. The numerical method used is an 
effective stress based 2D/3D soil-water coupling fi nite 
element-fi nite difference method based on Biot’s theory 
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(Biot, 1941). In the analyses, the direct integration 
method of Newmark-β in which two parameters were 
introduced (β = 0.3025 and γ = 0.5) was adopted, and the 
time interval of the integration for dynamic loading was 
0.01 sec. It is true that sometimes a smaller time interval, 
e.g., 0.001 sec, is needed. However, in the present 
case, convergent results can be obtained using the time 
interval of 0.01 sec. The Rayleigh type of initial rigidity 
proportional attenuation is used and the damping values 
of the soils and the structure are both assumed to be 2% 
and 10% for the fi rst and second modes, respectively, in 
the dynamic analysis of the breakwater and foundation 
system. The calculation using the program DBLEAVES 
has been proved to be very stable in many research 
studies available in the literature (Bao et al., 2012; Bao 
et al., 2014).

3.3 Loading conditions and behavior of the soil 
       elements

To refl ect the seismic behavior of the two breakwaters 
and the surrounding ground during earthquakes, two 
earthquake waves (Sugito et al., 2013; http://www1.
gifu-u.ac.jp/~eerl/kensaku/index.html), referred to as 
Case 1 and Case 2 in Fig. 4, were used as the input 
earthquake waves. These two waves varied greatly in 
duration and maximum acceleration. The earthquake 

motions currently used in dynamic analyses for seismic 
design in Japan are usually predicted on the basis of fault 
locations, the magnitudes and the spectra of recorded 
accelerograms of previous small earthquakes. This 
evaluation method has been authorized by the Central 
Disaster Management Council (CDMC). The predicted 
earthquake motions at any specifi c site are open and 
accessible to any seismic designer in Japan. The 
lengths of Case 1 and Case 2 were 200 s and 163.84 s, 
respectively, and the maximum accelerations of Case 1 
and Case 2 were 188.00 gal and 151.49 gal, respectively. 
The response spectra of these two earthquake waves 
are shown in Fig. 4, in which h is the damping ratio. 
Both of these two seismic excitations were applied to 
Breakwater N and Breakwater C. Therefore, the four 
scenarios including both dynamic and static analysis 
shown in Table 1 were examined in the numerical tests. 
The difference between the static and dynamic analysis, 
in the viewpoint of fi eld equation, is the existence of 
inertial and viscous terms. If external load is a static, 
then the inertial and viscous terms will automatically 
disappear. In the program DBLEAVES, the dynamic 
and static analyses are not necessary to assign. It is 
based on the external loads. In the analyses, crucially 
important, the constitutive model should be able to 
describe the mechanical behavior of geomaterials 
subjected to different loadings (static or dynamic) under 
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different hydraulic conditions (drained or undrained) 
in a unifi ed way. The program DBLEAVES satisfi es 
both the requirements. In the calculation, after dynamic 
analysis for the earthquake motion, the calculation stage 
automatically turns to static analysis to calculate the 
consolidation process (be aware of the fact that even if 
the earthquake motion ended, the migration of excess 
pore water will not stop and consolidation will then 
continue).

The numerical tests focused on the responses of 
the ground below the breakwaters’ foundations during 
and after the earthquakes, particularly the ground 
settlement and changes in EPWP. In each calculation, 
the breakwater, made of a concrete caisson and rubble 
mound, was described by a linear elastic model; its 
parameters are shown in Table 2. The Cyclic Mobility 
Model (Zhang et al., 2007 and 2011) was used to 
describe the sandy and clayey soils. In this model, the 
parameter a is used to control the collapse rate of the 
structure, and the parameter m is used to control the loss 
rate of the overconsolidation ratio. As mentioned above, 
the main differences between the mechanical behavior 
of sands and clays are the collapse rate of the structure 
and loss rate of overconsolidation, so the model can be 
used for modeling the response of both sands and clays 
by different settings of parameters a and m. The material 
parameters and the initial values of the state parameters in 
the four calculations are listed in Tables 3-6. The strength 
and stiffness of the soil were the same as those evaluated 
using the Cam-Clay model, in which M represents the 
shear stress ratio at the critical state (i.e., it represents the 
strength of a soil), λ and κ represent the compression and 
swelling index, respectively, controlling the deformation 
of the soil (i.e., they are the stiffness parameters). 
Since not enough laboratory testing data of soils were 
available, some of these parameters were determined by 
element simulations with reference to the SPT (standard 
penetration tests) N-values based on engineering 
judgment (Morikawa et al., 2013). The average N-values 
and coeffi cients of permeability assumed for each soil 
layer beneath the Breakwaters are given in Tables 7 and 8 .

To verify the performance of the Cyclic Mobility 
Model, Fig. 5 shows the liquefaction strength curve of 
Toyoura sand in undrained cyclic triaxial tests, which 
are very familiar to seismic engineers because it is very 
easy for them to use the curves to estimate the seismic 
performance of a soil. The material parameters of 
Toyoura sand are listed in Table 9, which are the same 
as those used for Toyoura sand by Zhang et al. (2007, 
2011).

Note that the validity of the Cyclic Mobility Model, 
that is, the capacity to properly describe the mechanical 
behavior of Toyoura sand not only subjected to monotonic 
loading but also cyclic loading under undrained and 
drained conditions, has been proved in previous 
research listed in the references. It is true that it is more 
appropriate to use cyclic triaxial test results to obtain 
the parameters of the soils considered. Unfortunately, 
up until now, only the monotonic drained triaxial test 
results have been available. As a compensation for this 
shortcoming, the undrained cyclic triaxial test results of 
Toyoura sand that have been obtained in previous work 
are used, primarily to indirectly illustrate the fact that the 
constitutive model is capable of describing the nonlinear 
dynamic behavior of soils.

In the present study, drained conventional triaxial 
tests of surface soil in Breakwater N and C were 
conducted. Undisturbed samples from As layer in 
Breakwater N and Ac-1 layer in Breakwater C were 
dug from the construction site using a thin-walled tube 
sampler, and they were both taken from the ground at the 
depth of 4 m. Drained conventional triaxial tests were 
carried out to investigate the stress-strain relations and 
dilatancy of the soils. Figure 6 shows a comparison of 
the results from the conventional drained triaxial tests 
and the corresponding element simulations of soils in 
the As layer and Ac-1 layer. The stress-strain relations 
and change of volumetric strain are on the whole, well 
simulated as shown in the fi gure, although there are 
still small differences between the results of tests and 
simulations.

Figures 7 and 8 illustrate the simulated behavior 
of the deviator stress-shear strain relation and the 
effective stress path of the soils underneath Breakwater 
N and Breakwater C, respectively, under undrained 
conventional triaxial cyclic loading tests. As shown in 
the fi gures, for loose sand (As and As-1), liquefaction 
occurred after fi ve cycles of cyclic mobility, and the 
stiffness that was regained during cyclic loading was 
apparent during the loading process. For dense sand (As-
5), however, although a large fraction of the effective 
mean stress was lost, liquefaction did not occur. The 
clayey soil did not liquefy while the mean effective 
stress decreased considerably during the cyclic loading. 
The clay lost up to three-fourths of its original effective 
stress at the end of loading. This implies that the shear 
strength of the clayey soil decreased dramatically when 
it was subjected to cyclic loading. The readers can easily 
image the element behavior of the soils through the 

Table 1  Cases of simulation

Research condition Breakwater name Seismic wave
Case N-1 N Case 1
Case N-2 N Case 2
Case C-1 C Case 1
Case C-2 C Case 2

 Table 2  Physical properties of breakwater (Concrete)

Elastic modulus E (kPa) 2.5×107

Poisson’s ratio ν 0.20
Density ρ (t/m3) 2.5
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Table 3   Material parameters of soils beneath Breakwater N

Parameter Ds Ac-3 Ac-2 Ac-1 As
Compression index  λ 0.050 0.13 0.13 0.13 0.05
Swelling index  κ 0.0064 0.066 0.066 0.066 0.0064
Stress ratio of critical state Μ 1.42 1.24 1.24 1.21 1.41
Void ratio N (p′= 98 kPa on N.C.L.) 0.89 0.96 0.92 0.94 1.09
Poisson’s ratio ν 0.31 0.4 0.4 0.38 0.30
Degradation parameter of 
overconsolidation state m

0.10 2.20 2.20 2.20 0.10

Degradation parameter of structure a 2.20 0.03 0.03 0.06 2.10
Evolution parameter of anisotropy br 1.50 0.10 0.10 0.10 1.50

Table 4   Material parameters of soils beneath Breakwater C

Parameter Ds As-5 Ac-3 As-4 Ac-4 As-3 As-2 Ac-2 Ac-1 As-1
  Compression index λ 0.05 0.05 0.13 0.13 0.13 0.05 0.05 0.13 0.13 0.05
  Swelling index κ 0.0064 0.0064 0.066 0.066 0.066 0.0064 0.0064 0.066 0.066 0.0064
  Stress ratio of critical state Μ 1.42 1.41 1.23 1.41 1.23 1.41 1.41 1.22 1.22 1.42
  Void ratio N (p′= 98 kPa on N.C.L.) 0.81 0.85 0.90 0.87 0.92 0.90 0.91 0.94 0.96 0.98
  Poisson’s ratio ν 0.30 0.31 0.40 0.32 0.42 0.30 0.35 0.40 0.40 0.30
Degradation parameter of 
overconsolidation state m 0.10 0.10 2.20 0.10 2.20 0.10 0.10 2.20 2.20 0.10

Degradation parameter of structure a 2.20 2.20 0.05 2.20 0.05 2.20 2.20 0.05 0.02 2.20
Evolution parameter of anisotropy br 1.50 1.50 0.10 1.50 0.10 1.50 1.50 0.10 0.10 1.50

Table 5   Initial values of the state variables for soils beneath Breakwater N

Parameter Ds Ac-3 Ac-2 Ac-1 As

Void ratio e0 0.79 0.89 0.90 0.92 1.10

Mean effective stress p′ (kPa) 378.50 342.00 239.00 117.50 45.00
Degree of structure  R0

* 0.40 0.40 0.40 0.50 0.80
Overconsolidation OCR (1/R0) 25.00 3.00 2.00 2.00 5.00

Anisotropy  ζ0 0.0 0.0 0.0 0.0 0.0

Table 6   Initial values of the state variables of soils beneath Breakwater C

Parameter Ds As-5 Ac-3 As-4 Ac-4 As-3 As-2 Ac-2 Ac-1 As-1

Void ratio  e0 0.80 0.83 0.89 0.86 0.91 0.92 0.91 0.96 0.97 1.01

Mean effective stress  p′ (kPa) 224.87 259.75 237.50 215.5 200.50 161.00 120.50 84.50 38.00 52.00
Degree of structure  R0

* 0.80 0.80 0.60 0.80 0.60 0.80 0.80 0.60 0.60 0.40
Overconsolidation OCR (1/R0) 27.00 25.00 2.00 22.00 2.00 16.00 15.00 2.00 2.00 4.00

Anisotropy  ζ0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Table 7   The average N-values and permeability for soils beneath Breakwater N 

Layer Ds Ac-3 Ac-2 Ac-1 As
N-value above 50 3 2 2 5

Permeability k (m/sec) 4×10-4 1×10-9 1×10-9 1×10-9 1×10-4
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simulated results.
Based on the numerical tests, physical quantities 

such as the ground settlement and the development of 
EPWP at different depths along the vertical lines A, B, 
and C in the cases of two breakwaters shown in Figs. 2 
and 3 were graphed for discussion.

4   Results and discussions

4.1  Displacements of Breakwater N

The settlements of Breakwater N and Breakwater 
C during the earthquakes and sixty-eight years (time 

Table 8   The average N-values and permeability for soils beneath Breakwater C

Layer Ds As-5 Ac-3 As-4 Ac-4 As-3 As-2 Ac-2 Ac-1 As-1
N-value above 50 20 3 13 3 13 11 2 2 15

Permeability k (m/sec) 4×10-4 5×10-5 1×10-9 5×10-5 1×10-9 5×10-5 5×10-5 1×10-9 1×10-9 5×10-5
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Fig. 5    Liquefaction strength curve of Toyoura sand in undrained cyclic triaxial loading 

Table 9   Material parameters of Toyoura sand

Compression index λ 0.050

Swelling index ҡ 0.0064

Principal stress ratio at critical state Rf 3.3

Void ratio N  (p=98 kPa on N.C.L.) 1.0

Poisson’s ratio ν 0.30

Degradation parameter of overconsolidation state 
m

0.010

Degradation parameter of structure a 2.2

Evolution parameter of anisotropy br
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required for complete dissipation of EPWP) after 
the earthquakes are discussed. Figure 9 shows the 
settlements at different points along the vertical lines A, 
B, and C in the case of Breakwater N during earthquake 
loadings. The soil beneath the breakwater (A1) settled 
continuously, whereas the soil 24 meters away from 
the breakwater (B1) heaved during the earthquake 
shaking, showing a typical sliding failure arc due to the 
breakwater’s compatible deformation (Fig. 11a). The 
values of the settlements at point A1 reached 0.40 m in 
Case 1 and 0.25 m in Case 2 at the end of the earthquakes.

Figure 10 shows the settlements at different points 
along the vertical lines A, B, and C in the case of 
Breakwater N within sixty-eight years. Although the 
sandy surface liquefi ed during the earthquakes, points 
A1, B1, C1, A2, B2, and C2 settled continuously during 
the dissipation of EPWP and the values of settlements at 
point A1 reached 0.75 m in Case 1, and 0.6 m in Case 2 
after sixty-eight years’ consolidation.

Figure 11 shows the displacement vectors of 
Breakwater N and the foundation soil at the end of the 
earthquakes and sixty-eight years after the earthquakes. 
These vectors indicate that, due to the asymmetrical soil 

profi les on the right and left sides, the breakwater moved 
to the left with a maximum displacement increasing to 
1.95 m. This asymmetrical deformation pattern occurred 
because the non-liquefi ed soil layer Ac-2 resisted further 
deformation on the right side, forcing the breakwater to 
move to the left.

Figure 12 shows the settlements distribution along 
three vertical lines at the time of sixty-eight years after 
the earthquakes. The largest settlements were 0.75 m 
in Case 1 and 0.6 m in Case 2. The settlement along 
vertical line A was the largest followed by vertical lines 
B and C. In other words, the largest settlement occurred 
directly beneath Breakwater N (vertical line A) after 
seismic excitations. The distribution of the settlements 
caused by these two earthquakes was similar, with the 
only exception being at the surface, where there was a 
prominent difference in the settlement.

4.2   Displacement of Breakwater C

The soil profi les of Breakwater C were more 
complicated than that of Breakwater N: there were 11 
different soil layers beneath Breakwater C. The clayey 
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layer directly beneath Breakwater C was replaced 
with sand, upon which the breakwater was laid. As 
shown in Figure 13, the sand at point A1 liquefi ed and 
settled to approximately 0.58 m in Case 1 and 0.40 m 
in Case 2 after the seismic loadings. After fi fteen years 
(time required for completely dissipation of EPWP), 
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Fig. 9   Changes in settlements at prescribed points during the earthquake (Breakwater N)

it settled to approximately 0.80 m in Case 1 and 0.65 m 
in Case 2. In addition, the soil at B2 (Ac-2) heaved 
approximately 0.08 m in Case 1 and 0.02 m in Case 
2 due to the compatible deformation of the breakwater 
after the earthquake, as it did in the case of Breakwater 
N. Because the clayey layers beneath Breakwater C 
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were thinner than those beneath Breakwater N, the time 
required for completing EPWP dissipation was much 
shorter than that required for Breakwater N, and the 
settlement stopped at fi fteen years after the earthquakes, 
as shown in Fig. 14.

Figure 15 shows the displacement vectors of 
Breakwater C and the foundation soil at the end of the 
earthquakes and fi fteen years after the earthquakes. 
Different from the case in Breakwater N, the 
displacement vectors of Breakwater C showed a typical 
symmetrical sliding arc on both sides. The fi gure also 
shows that the settlement due to the dissipation of EPWP 
kept increasing for a long time, but lateral displacement 
stopped progressing soon after the earthquakes, as it did 

in Breakwater N. Figure 16 shows the distribution of 
settlements fi fteen years after the earthquake along three 
vertical lines. Apparently, the settlement near the ground 
surface along vertical line A showed a larger value 
than that in the other locations near the ground surface; 
however, in deep places, the amount of settlement along 
vertical line C was greater than that in the other locations.

4.3   Brief summary of displacement

The amounts of settlements directly beneath the 
breakwaters at different times are listed in Table 10. 
In Breakwater N, the settlements at the end of the 
earthquakes were 0.40 m in Case 1 and 0.25 m in Case 
2. In Breakwater C, the settlements at the end of the 
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Fig. 14   Changes in settlements at prescribed points within fi fteen years (Breakwater C)
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Fig. 15   Displacement vectors of Breakwater C
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Table 10   Settlements right beneath the breakwaters (Unit: m)

Time after earthquakes
Breakwater N Breakwater C

Case 1 Case 2 Case 1 Case 2
0 second -0.40 -0.25 -0.58 -0.40
1 hour -0.60 -0.45 -0.65 -0.52
5 years -0.68 -0.55 -0.80 -0.70
15 years -0.70 -0.56 -0.80 -0.70
68 years -0.71 -0.58

earthquakes were 0.58 m in Case 1 and 0.40 m in Case 2. 
Because the duration and maximum acceleration of the 
earthquake in Case 1 was larger than that in Case 2, the 
settlement in Case 1 was greater than the one in Case 2. 
The settlement that occurs at the end of an earthquake is 
known as the compatible deformation. This deformation 

continued to increase to an overall settlement whose 
magnitude reached approximately 0.60-0.65 m within 
one hour after the earthquakes. The settlement of 
Breakwater C lasted approximately fi ve years, whereas 
in Breakwater N, it lasted sixty-eight years due to the 
differences in the thicknesses of the clayey layers.
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Generally speaking, a large tsunami reaches the 
shore within one hour after an earthquake. As shown 
in Table 10, the two breakwaters lost approximately 
more than half a meter of the height by this time due 
to the liquefaction-induced compatible deformation and 
overall settlement, which greatly reduced their capacity 
to resist the tsunami loading  .

4.4   ESRR of Breakwater N

It is known that when sandy soil liquefi es, EPWP 
increases while the effective stress decreases. The change 
in effective stress can be expressed by the effective stress 
reduction radio (ESRR), defi ned as ESRR = 1-σm/σm0, in 
which σm and σm0 denote the current and initial mean 

effective stresses, respectively.
Figures 17 and 18 show the changes in ESRR 

during the seismic loading and sixty-eight years 
after the earthquakes, respectively, at elements A1, 
B1, and C1; these values increased to 1.0 during the 
earthquakes, implying that the topsoil under Breakwater 
N had liquefi ed completely. After the post-liquefaction 
consolidation, the ESRR decreased gradually and 
reached a certain steady values that were near but not 
equal to zero at sixty-eight years after the earthquakes, 
which implies that the effective stress did not return to 
its initial value due to its redistribution even when the 
EPWP had dissipated completely. The loss of mean 
effective stress during or shortly after an earthquake may 
have reduced the expected tsunami resistance capacity 

1.5

1.0

0.5

0

-0.50          40         80       120       160       200
                              t (s)

Case 1
Case 2

A1

ES
R

R

Case 1
Case 2

B1

Case 1
Case 2

C1

Case 1
Case 2

A2

Case 1
Case 2

B2

Case 1
Case 2

C2
Fig. 17   Changes in ESRR at prescribed elements during the earthquake (Breakwater N)

1.5

1.0

0.5

0

-0.5

1.5

1.0

0.5

0

-0.5

1.5

1.0

0.5

0

-0.5

1.5

1.0

0.5

0

-0.5

1.5

1.0

0.5

0

-0.5

ES
R

R

ES
R

R

ES
R

R

ES
R

R

ES
R

R
0          40         80       120       160       200
                              t (s)

0          40         80       120       160       200
                              t (s)

0          40         80        120       160       200
                              t (s)

0          40         80       120       160       200
                              t (s)

0          40         80       120       160       200
                              t (s)

1.5

1.0

0.5

0

-0.50             20            40            60            80
                              t (year)

Case 1
Case 2

A1

ES
R

R

Case 1
Case 2

B1

Case 1
Case 2

C1

Case 1
Case 2

A2

Case 1
Case 2

B2

Case 1
Case 2

C2

Fig. 18   Changes in ESRR at prescribed elements within sixty-eight years (Breakwater N)

1.5

1.0

0.5

0

-0.5

1.5

1.0

0.5

0

-0.5

0.2

0.1

0

-0.1

ES
R

R

ES
R

R

ES
R

R

ES
R

R

ES
R

R

0             20            40            60            80
                              t (year)

0             20            40            60            80
                              t (year)

0             20            40            60            80
                              t (year)

0             20            40            60            80
                              t (year)

0             20            40            60            80
                              t (year)

0.2

0.1

0

-0.1

0.2

0.1

0

-0.1



No.2   Gu Linlin et al.: Seismic behavior of breakwaters on complex ground by numerical tests: Liquefaction and post liquefaction ground settlements  339

of the breakwater from its initial design. On the other 
hand, the soils located at elements A2, B2, and C2 did 
not liquefy. The ESRR only increased to approximately 
0.10, and the effective stress recovered completely in 
sixty-eight years.

4.5   ESRR of Breakwater C

As shown in Fig. 19, the ESRR at locations A1 
(replaced sand As-1), B2 (sand layer As-2), and C2 (sand 
layer As-3) increased to 1.0 (completely liquefi ed), and 
the effective stress at these sites recovered in fi fteen 
years, as shown in Fig. 20 due to changes in ESRR. 
By contrast, the ESRR at elements B1 and C1 (clayey 
layer Ac-1) decreased to 0.5 (and did not liquefy) during 

the earthquakes and became negative fi fteen years after 
earthquakes, implying that the mean effective stress 
of the soil not only recovered but was also enhanced. 
The time to complete the dissipation of EPWP was 
approximately fi fteen years, which is much shorter than 
in the case of Breakwater N, which required sixty-eight 
years.

4.6  Brief summary of ESRR

Table 11 lists the values of ESRR directly beneath the 
two breakwaters at different times. These values can also 
be used to describe changes in the effective stress. The 
soils beneath the two breakwaters liquefi ed completely 
during the earthquakes, but the degrees of recovery of 
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the effective stress within one hour after the earthquakes 
were quite different: 40% (ESRR=60%) in Breakwater 
N, which had thick clayey layers beneath the liquefi ed 
soil, and 80% (ESRR=20%) in Breakwater C, which 
had sandy layers beneath the liquefi ed soil. Therefore, 
it can be fi rst concluded that, from the perspective of 
tsunami resistance, seabed ground with thick clayey 
layers beneath liquefi ed soil are more vulnerable than 
seabed ground with only sandy layers from the results 
of effective stress recovery degree one hour after the 
earthquakes, which is the time that the tsunami is most 
likely to strike offshore structures. In other words, the 
slow speed of the effective stress recovery in seabed 
ground with thick clayey layers beneath liquefi ed soil 
could bring more risk for the breakwater to resist tsunami 
loading that may arrive a short time after earthquake 
shaking. This conclusion is quite different from the 
classical viewpoint that liquefaction only needs to be 
considered in sandy soils. Precautions should be taken 
when considering the tsunami resistance of a seabed 
ground whose soil profi les have a mixture of sandy and 
clayey layers. In normal seismic design (based on the 
classical viewpoint), liquefaction is only considered for 
loose sand in shallow soil layers (depth less than 15 m). 
Attention should also be given to the soil-water coupling 
behavior of clayey soils, which are impervious and can 
generate high EPWP when subjected to cyclic loadings.

5  Conclusions

Numerical tests were carried out to study the 
seismic behavior of seabed ground and the anti-tsunami 
performance of two existing breakwaters constructed 
forty years ago. It has been clearly illustrated that, in a 
normal numerical analysis of a practical geotechnical 
problem, the parameters of the soils involved in a 
prescribed constitutive model are adjusted to fi t the 
observed behavior of a boundary value problem (BVP). 
In a numerical test, however, all of the soil parameters 
are determined based on element tests or engineering 
judgments without being infl uenced or modifi ed by 
the observed behavior of a BVP. The fi nal goal of 
a numerical test is not only to be able to simulate an 
actual event but also to predict an event that has not yet 
occurred when there is only part of the test data or the 
available information about the soils and some of the 

parameters are from element tests. The numerical tests 
were based on a sophisticated constitutive model that 
could describe the mechanical behavior of different soft 
soils at the element level in a unifi ed way. Moreover, 
the corresponding soil-water coupling fi nite element 
analysis allowed the static and dynamic behavior of the 
boundary value problem to be treated in a unifi ed way 
as well. The validity of this numerical method has been 
proved multiple times in the literature. From the results 
of numerical tests, the following conclusions can be 
drawn:

(1) After the earthquakes, the two breakwaters settled 
continuously due to the dissipation of pore water pressure 
and soil consolidation. The settlement of the ground was 
caused not only by the liquefi ed sandy soils but also by the 
clayey soils. The settlement at the end of the earthquake 
(local compatible deformation) was approximately 0.40-
0.6 m, and the overall settlement was approximately 
0.60-0.65 m one hour after the earthquakes. Generally 
speaking, each breakwater lost more than half a meter 
of height due to the liquefaction-induced compatible 
deformation and post-liquefaction consolidation. 
Meanwhile, the effective stress of the soils decreased 
greatly in the hour following the earthquakes  . This 
means that the anti-tsunami capacity of the breakwaters 
had been weakened, which should be considered when 
evaluating the capacity of the breakwaters to resistance 
the subsequent tsunami loading.

(2) The settlement in Breakwater C lasted for 
approximately fi fteen years and in  Breakwater N lasted 
for sixty-eight years due to the different thicknesses of 
the clayey layers. This means that the thickness of the 
clayey layers greatly affects the time necessary for post-
earthquake settlement, and that earthquakes affect not 
only the immediate behavior of breakwaters and their 
surrounding soils but also their long-term behavior due 
to post-earthquake consolidation.

(3) The deformation that occurs during an earthquake 
can be regarded as an undrained deformation in which 
a typical sliding arc forms in the ground, as in a static 
bearing capacity problem. Post-earthquake deformation, 
however, is a partially drained deformation in which 
mainly vertical settlement throughout the ground 
continues for a long time. Progression of the lateral 
displacement of both breakwaters stopped shortly after 
the earthquakes.

(4) From the perspective of tsunami resistance, a soil 

Table 11   Values of ESRR right beneath the breakwaters

Time after earthquakes
Breakwater N Breakwater C

Case 1 Case 2 Case 1 Case 2
0 second 1.0 1.0 1.0 1.0
1 hour 0.55 0.60 0.20 0.20
5 years 0.23 0.35 -0.20 -0.25
15 years 0.23 0.35 -0.20 -0.25
68 years 0.23 0.35
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profi le with thick clayey layers beneath liquefi ed soil 
is more vulnerable than a soil profi le with only sandy 
layers considering the slow speed of effective stress 
recovery that could bring more risk for breakwater when 
resisting the tsunami loading which may arrive a short 
time after earthquake shaking. 

(5) Settlements which occurred during the earthquake 
shaking and in the post-liquefaction consolidation 
process can be calculated in a unifi ed way because in 
the calculations, it is not necessary to predetermine 
whether each soil layer would liquefy or not. This 
approach differs from the traditional method in which 
only sand is considered in the liquefaction analysis and 
the liquefaction and post-liquefaction consolidation 
processes are treated in different ways; for instance, by 
using different values of parameters in different loading 
stages.
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