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a b s t r a c t

Economic losses and property damage due to the failure of offshore structures are huge each year in the
world, under the attack of endless conventional wave, occasional tropical storms or typhoons, and
possible tsunami. Wave-induced dynamics of offshore structures and their seabed foundation attract a
great deal of attention from researchers and ocean engineers. Previous literature investigated the wave–
structures–seabed interaction generally adopting 2D models and decoupled way. In this study, taking a
caisson breakwater as the typical offshore structure, the simple linear interaction between ocean wave, a
caisson breakwater and its poro-elastic seabed foundation is investigated by utilizing a three-
dimensional integrated numerical model FSSI-CAS 3D. The numerical results indicate that FSSI-CAS 3D
can effectively and sufficiently capture a variation of phenomena of wave-induced dynamics of offshore
structures, and momentary liquefaction in its dense poro-elastic seabed foundation. This study
demonstrates great promise of using the developed integrated numerical model in offshore industry to
predict the dynamic response and stability of offshore structures by ocean engineers in design stage.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

In the past two decades, a great number of marine structures,
such as breakwater, pipeline, offshore wind turbine and oil flat-
form, were constructed in offshore area for a variation of special
purposes, for example, breakwater is for port protection or sedi-
ment transport regulation; wind turbine is to harvest offshore
renewable energy. Comparing with structures built on land, off-
shore structures are much easier to lose their stability due to the
environment loading, and their vulnerable saturated or nearly
saturated seabed foundation. It is well known that offshore
structures generally are applied by endless conventional ocean
wave, occasional tropical storms or typhoons, possible seismic
wave and related earthquake triggered tsunami. Furthermore, soil
liquefaction is easy to occur in saturated or nearly saturated sea-
bed foundation under ocean wave or seismic wave loading. There
have been some reports about the wave-induced failure of off-
shore structures in previous literatures, for example, Franco
(1994), Zhang and Ge (1996), and Chung et al. (2006). According to
the official statistics, the total length of failed offshore breakwater
in each year due to the attack of tropical storms and typhoons in
China reaches up to 40 km. Most recently, the deep water break-
water in a military vessels port located at Sanya city, south of
China, is seriously damaged when the super typhoon “Butterfly”
landing at Hainan Province, China. The recorded maximum wave
height in this extreme climate event is over 10 m in the port. The
economic losses and property damage due to the failure of off-
shore structures are huge each year around the world. Ocean
engineers understand that an inappropriate design could result in
instability of offshore structures, such as tilting or collapse in
extreme climate events. They always pay their great attention on
the dynamics of offshore structures under ocean wave and seismic
wave loading (Ye, 2012c; Ye and Jeng, 2013). However, the
dynamics of offshore structures and their seabed foundation under
wave loading is still not fully understood; and analysis tools for
ocean engineers involved in design are also limited. Therefore, the
development of an effective, and reliable analysis tool for ocean
engineers, and the investigation of the dynamics of offshore
structures and their seabed foundation under wave loading is
urgent and meaningful.

For the problem of interaction between ocean wave, offshore
structure and its seabed foundation, there are three types of
interaction mechanisms: fluid–structures interaction, wave–sea-
bed interaction, and soil–structures interaction. Fluid–structures
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interaction is a relatively mature research topic in the computa-
tional fluid dynamics (CFD). Structures can be fixed, or flexible; as
well as be impermeable or porous (Higuera et al., 2014a,b). How-
ever, the effect of seabed foundation is not taken into considera-
tion in this mechanism. Soil–structures interaction was a
traditional and classic topic in geotechnical engineering field in
the past four decades. A great of effort has been made, and some
valuable models are available currently to describe the interaction
between seabed soil and offshore structures. In the early stage of
investigation of FSSI problem, most researchers paid their atten-
tion on the wave–seabed interaction, ignoring the fluid–structures
interaction and soil–structures interaction due to the limitation of
analysis technology. The achievements include uncoupled analy-
tical solution (Yamamoto et al., 1978; Hsu and Jeng, 1994; Tsai
et al., 2000), coupled analytical solution (Lee et al., 2002; Lee and
Lan, 2002) and uncoupled numerical model (Jeng et al., 2001), in
which there was no a real offshore structure being considered. In
these solutions and models, linear or nonlinear Stokes wave based
on Laplace's equation was utilized to apply wave loading on sea-
bed floor. Based on the above-mentioned research, some uncou-
pled numerical models considering the soil–structures interaction
were further proposed (Mase et al., 1994; Ulker et al., 2009, 2012).
However, wave loading on seabed floor was still based on Stokes
wave; and the wave loading on marine structures is unknown. It is
not difficult to see that the above-mentioned analytical solutions
and uncoupled numerical models are insufficient to describe the
interaction between ocean wave, offshore structure and its seabed
foundation.

As an integrated system, coupled numerical model should be
developed for wave-seabed–structures interaction. Mizutani et al.
(1998, 1999) developed a BEM–FEM combined model for the
problem of FSSI. However, their model cannot simulate complex
wave motion, for example, wave breaking, and porous flow in
seabed foundation and porous structures. Additionally, poro-
elasto-plastic loose seabed soil cannot be dealt with by their
model. Recently, Ye et al. (2013c) develop a more advanced cou-
pled numerical model FSSI-CAS 2D for the problem of FSSI, in
which RAVARN equation governing the fluid motion in fluid
domain and porous flow in porous medium, dynamic Biot's
equation governing the dynamics of marine structures and their
seabed foundation. The reliability and suitability of FSSI-CAS 2D
have been validated by an analytical solution, some laboratory
wave flume tests and a centrifuge test (Ye et al., 2013c). FSSI-CAS
2D has been successfully applied to the FSSI problems in which
regular wave (Jeng et al., 2013), breaking wave (Ye et al., 2014), and
earthquake triggered tsunami wave (Ye et al., 2013b), poro-elasto-
plastic loose seabed soil (Ye et al., 2015) are respectively involved.
Under the same framework, FSSI-CAS 2D is further extended to
three dimension, known as FSSI-CAS 3D. This 3D integrated
numerical model for FSSI problem was validated using an analy-
tical solution and a wave flume test (Ye et al., 2013a).

In real offshore environment, dense sediment and newly
deposited loose sediment are both widely distributed. Under wave
loading, they behave as elastic or elasto-plastic material, depend-
ing on the properties of seabed soil, such as relative density Dr,
mean particles size d50, and particles grading, and characteristics
of wave loading, such as magnitude and loading rate. In this study,
taking the developed three dimension integrated numerical model
FSSI-CAS 3D as the analysis tool, the wave-induced dynamics of a
caisson breakwater and its very dense elastic seabed foundation is
investigated comprehensively. Actually, wave-induced scouring
around offshore structures is also a common phenomenon in FSSI
problem. However, visible wave-induced scouring occurring on
seabed surface generally needs a long time, from hours to days,
which is significantly longer than wave period. Therefore, scouring
and dynamics of offshore structures and seabed foundation are the
physical problems with significantly different time scales. In pre-
vious investigations, these two physical problems generally were
studied separately. Here, only the wave-induced dynamics of off-
shore structures and their seabed foundation is our focus. Con-
sideration of wave-induced scouring of seabed in FSSI problem
will be further conducted under the framework of CFD-DEM in the
future. This study demonstrates that the advanced integrated
numerical model for FSSI problem is a promising tool to evaluate
the stability of offshore structures for ocean engineers in offshore
industry.
2. 3D integrated numerical model for FSSI

2.1. Wave model

The wave motion on seabed, and its interaction with marine
structures, as well as porous flow in seabed foundation are gov-
erned by using a modified Navier–Stokes equations. Sea water is
treated as incompressible Newtonian fluid:

∇ � ufi ¼ 0 ð1Þ

ρf
∂ufi

∂t
þufi

∂ufj

∂xj

� �
¼ �∇pþ∇ � μð∇ufiþ∇TufiÞþgiþFsiþFdi ð2Þ

where ufi, ufj ði; j¼ x; y; zÞ represents the velocities of water, ρf is the
density of water, p is the water pressure, g is the gravity, and Fsi is
the surface tension force, and μ is the dynamic viscosity of sea
water. Fdi is the linear or nonlinear drag force between pore fluid
and solid matrix in porous medium. In this integrated numerical
model for FSSI, the above governing Eqs. (1) and (2) for wave
motion and porous flow are solved by using a free N–S solver
provided by the open source code TRUCHAS (2009) developed by
US Los Alamos National Laboratory (LANL). In TRUCHAS, finite
volume method (FVM) is adopted to solve the wave governing
equations, and VOF method is adopted to trace the free surface of
wave motion. The detailed physical algorithms can be found in the
manual (Truchas, 2009). In the original source code of TRUCHAS,
the Carman–Koseny relation proposed by Carman (1937) is
adopted to formulate the linear drag force:

Fdi ¼ k
ð1�nÞ2

n3 ufi ð3Þ

where k and n are the permeability and porosity of porous med-
ium, respectively. Obviously, the viscosity of fluid, mean particles
diameter, and the effect of particles shape are all not taken into
consideration in Eq. (3). According to Hur et al. (2010) and Hsu
et al. (2002), the viscosity of fluid, mean particles diameter d50,
and shape of particles all have significant effect on the drag force
between pore fluid and solid matrix. Therefore, the expression of
drag force formulated in Eq. (3) is only a rough approximation. In
this study, the drag force is formulated as

Fdi ¼ Cd
v

d250

ð1�nÞ2
n2 ufi ð4Þ

in which Cd is the laminar porous flow-induced drag force coeffi-
cient, and it is mainly related to the particles shape of solid matrix.
v is the kinematic viscosity. In Eq. (4), the effect of the average
diameter of particles in solid matrix, and the viscosity of pore
water on the drag force are both considered.

It is noted here that Eq. (4) is also only applicable for linear
laminar porous flow (Darcy's flow). As analyzed in Ye et al.
(2013a), the exclusion of the nonlinear drag force in Fdi would
make a significant phase lag between the predicted response and
the real response for wave-induced dynamics of marine structures.
Meanwhile, there also would be a minor difference for peak
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Fig. 1. Top-view of the breakwater, seabed and ocean wave system in the com-
putational domain.

Fig. 2. The chosen computational model: 3D seabed foundation and caisson
breakwater system.

Table 1
Properties of the seabed foundation and caisson breakwater used in computation.

Medium E v k Sr n Gs

(Pa) (m/s) (%)

Seabed 2.0�107 0.3333 1.0�10�5 98 0.25 2.65
Caisson breakwater 1.0�1010 0.25 0.0 0.0 0.1 2.65
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responses. As mentioned in Ye et al. (2013a), the inclusion of the
nonlinear drag force in Fdi will be developed in the future work.

In this 3D wave model, the internal wave maker proposed by
Lin and Liu (1999) is applied to generate the target wave train, in
which a mass function is added to the continuity Eq. (1) at the
position where the wave maker is located. By applying different
mass functions, various waves could be generated, for example,
the linear wave, solitary wave, 2nd-order and 5th-order stokes
wave, conoidal wave, etc.

2.2. Soil model

It has been commonly known that soil is a multi-phase mate-
rial consisting of soil particles, water and trapped air. In the soil
mixture, the soil particles form the skeleton; the water and the air
fill the void of skeleton. Therefore, soil is a three-phase porous
material, rather than a continuous medium. In this study, the
dynamic Biot's equation known as “u�p” approximation proposed
by Zienkiewicz et al. (1980) is used to govern the dynamic
response of the porous response under wave loading, in which the
relative displacements of pore fluid to soil particles are ignored,
but the acceleration of the pore water and soil particles is inclu-
ded:

∂σx

∂x
þ∂τxy

∂y
þ∂τxz

∂z
¼ �∂ps

∂x
þρ

∂2us

∂t2
; ð5Þ

∂τxy
∂x

þ∂σy

∂y
þ∂τyz

∂z
¼ �∂ps

∂y
þρ

∂2vs
∂t2

; ð6Þ

∂τxz
∂x

þ∂τyz
∂y

þ∂σz

∂z
þρg¼ �∂ps

∂z
þρ

∂2ws

∂t2
; ð7Þ

k∇2ps�γwnβ
∂ps
∂t

þkρf
∂2ϵv
∂t2

¼ γw
∂ϵv
∂t

; ð8Þ

where ðus; vs;wsÞ are soil displacements in the x-, y- and z-direc-
tions, respectively; n is the soil porosity; σx, σy and σz are effective
normal stresses in the horizontal and vertical directions; τijði; j¼
x; y; zÞ is the shear stress; ps is the pore water pressure; ρ¼ ρf nþ
ρsð1�nÞ is the average density of porous seabed; ρf is the fluid
density; ρs is the solid density; k is Darcy's permeability; g is the
gravitational acceleration, γω is the unit weight of water, and ϵv is
the volumetric strain of soil. In Eq. (8), the compressibility of pore
fluid (β) and the volume strain (ϵv) are defined as

β¼ 1
Kf

þ1�Sr
pw0

� �
; ð9Þ

ϵv ¼
∂us

∂x
þ∂vs

∂y
þ∂ws

∂z
; ð10Þ

where Sr is the degree of saturation of seabed, pw0 is the absolute
static pressure and Kf is the bulk modulus of pore water
(Kf ¼ 2:24� 109 N=m2).

In the above governing equations, the effective stresses can be
determined applying Hooke's law for elastic seabed foundation:

σ0
ij ¼Dijklϵkl; ð11Þ

where σ0
ij is effective stresses in seabed soil, ϵkl is the strain of soil.

Dijkl ¼ 2G δikδjlþ v
1�2vδijδkl

� �
, G and v are the elastic shear modulus

and Poisson's ratio, respectively.
Finite element method (FEM) is used to solve the above gov-

erning Eqs. (5)–(8). The discretized forms of the above governing
Eqs. (5)–(8) are

M €uþKu�Qp ¼ f ð1Þ; ð12Þ

G0 €uþQT _uþS _pþHp ¼ f ð2Þ; ð13Þ
where u and p are the nodal displacements and the pore pressure
vectors respectively. M, K, Q, G0, S, and H are the mass, stiffness,
coupling, dynamic seepage force, compressibility, and perme-
ability matrixes, respectively. The Generalized Newmark pth order
scheme for jth order equation scheme is adopted to calculate time
integration when solving the above discretized matrix equations.
The definition of coefficient matrixes M, K, Q, G0, S, H, f ð1Þ, f ð2Þ, and
the detailed information of the 3D numerical method to solve the
dynamic Biot's equations can be found in Ye (2012b).



Fig. 3. Wave profile around the caisson breakwater at typical times t¼60 s, 62 s, 64 s and 66 s.
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2.3. Integration and verification

In this integrated numerical model, the non-match mesh
scheme and non-match time step are used in coupling computa-
tion. A data exchange port is developed adopting 3D Shepard
interpolation method to transmit data at the interface between
fluid domain and solid domain. In the integrated model, the
pressure continuity on interfaces between fluid domain and solid
domain is applied in computation. The wave model is responsible
for the generation, propagation of wave, and determines the
pressure acting on seabed and marine structures. At the mean-
time, the pressure/force acting on seabed and marine structures
determined by the wave model is transmitted to the soil model
through the developed data exchange port. Taking the pressure/
force acting on seabed and marine structures as the boundary
value, the dynamic response of seabed and marine structures is
determined by the soil model. More information about this inte-
grated model can be found in Ye (2012b) and Ye et al. (2013a).

It seems that a one way coupling is used in computation. There
is no feedback from solid domain to fluid domain. Actually, the
coupling between the wave model and soil model can be referred
as a semi-coupling process (Ye et al., 2013c), because the seabed
foundation and rubble mound are considered as porous medium
in the wave model when determining the wave field; the effect of
porosity of seabed foundation and rubble mound onwave field has
been taken into consideration. Therefore, the flow field in fluid
domain and solid domain is continuous at their interfaces. How-
ever, the displacement at interfaces is not continuous. From the
point view of physics, the wave-induced vibration of marine
structures and seabed foundation generally is apparently minor
comparing with the wave length. The discontinuity of displace-
ment between fluid domain and solid domain is acceptable. If
displacement continuity on interfaces must be implemented
through iterative process (fully coupled), the computation will be
very expressive. Additionally, as far as we know, there is no code
so far that can implement the fully coupled computation for
wave–seabed–structures interaction problem.

The developed integrated numerical model for FSSI has been
validated by an analytical solution proposed by Hsu and Jeng
(1994), and by a wave flume test involving submerged rubble
mound breakwater conducted by Mizutani et al. (1998). The detail
information on verification work can be found in Ye et al. (2013a).
The verification work shows that the integrated numerical model
is applicable for problem of fluid–structures–seabed interaction.
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Fig. 5. Motion of the bottom of caisson breakwater under the nonlinear wave loading. (G is the shear modulus, λ is the wave number, p0 ¼ γwg

2coshðλdÞ, d is the depth of seawater).
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3. Computational domain and boundary condition

Fig. 1 shows the top-view of a breakwater, seabed and ocean
wave system involved in the study. A caisson breakwater is built
on an elastic seabed (very dense sand bed). A 3D ocean wave
normally propagates to the caisson breakwater from seaward side
to onshore side. Fig. 2(a) is the chosen computational domain for
the breakwater, seabed and ocean wave system. The dimension of
seabed foundation is Lx¼250 m (length), Ly¼130 m (width) and
h¼15 m (thickness). The breakwater is 90 m long, 10 m wide and
16 m high. Its coordinate range built on the elastic seabed is
x¼200–210 m, y¼40–130 m, z¼15–31 m. The 27-nodes hexahe-
dral iso-parametric elements are used to discretize the seabed
foundation and the caisson breakwater (Fig. 2(b)). Due to the fact
that 27-nodes iso-parametric element own complete third-order
accuracy, the computational errors could be controlled effectively;
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and the size of elements could be significantly larger than that if 8-
nodes elements (only first-order accuracy) are used. Totally, 6000
elements, 100,000 nodes are generated in the breakwater and its
seabed foundation. The time step is set as T=40 in dynamic ana-
lysis, where T is the wave period.

In numerical computation, the following boundary conditions
are applied according to the actual engineering environment of the
breakwater located.

First, the bottom of the elastic seabed foundation is rigid as
rigid and impermeable:

us ¼ vs ¼ws ¼ 0 at z¼ 0 ð14Þ

Second, the four lateral sides of seabed foundation are fixed in the
x direction or in the y direction: 3
us ¼ 0 at x¼ 80 m and x¼ 330 m ð15Þ

vs ¼ 0 at y¼ 0 m and y¼ 130 m ð16Þ

Third, on the surface of seabed foundation (except the part
beneath the caisson breakwater), the pore pressure is equal to the
combination of wave-induced pressure and the hydrostatic water
pressure (pore pressure continuity on interfaces).

Fourth, on the surface of the caisson breakwater (except the bot-
tom), the pore pressure is zero due to the fact that the caisson is
impermeable. However, the breakwater is still applied by the wave-
induced pressure and the hydrostatic water pressure on its lateral
surfaces.

Fifth, due to the fact that the caisson breakwater is impermeable,
it is applied by a floating force on its bottom. This floating force on
bottom of caisson is necessary to be considered. Otherwise, the
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effective stresses in the seabed foundation, settlement of the cais-
son breakwater will be significantly overestimated (Ye et al., 2012).
4. Dynamic response of caisson breakwater

The seabed generally has experienced the consolidation pro-
cess under hydrostatic pressure and self-gravity in the geological
history. There is no excess pore pressure in the seabed foundation.
This consolidation status should be first determined, and taken as
the initial condition for the thereafter wave-induced dynamic
analysis for the caisson breakwater and seabed foundation system.
Here, the properties of seabed foundation and caisson breakwater
used in computation are listed in Table 1. The detail information
about the consolidation of 3D seabed foundation under a caisson
breakwater can be found in Ye et al. (2012).

Under the environmental loading (ocean wave), breakwater
built on an elastic seabed would lose its stability due to excess
shear stress and liquefaction of seabed foundation. The dynamic
response of breakwater and its seabed foundation is the main
concern of coastal engineers involved in design. Taking the above
determined consolidation status as the initial condition, the
dynamic response of caisson breakwater and its seabed foundation
under 3D wave loading is analyzed.

3D ocean wave field propagating on elastic seabed around the
caisson breakwater is first determined by utilizing the 3D wave model
in each time step. The wave characteristics for the 3D wave maker is:
wave height H¼1.5 m, water depth d¼10m, and wave period
T¼8.0 s. In the computational domain of the 3D ocean wave, three
absorb zones are set to eliminate the unexpected reflected wave due
to limited computational domain. The three absorb zones are allocated
at: Zone one (x¼�190m to �100 m, y¼0–130m), Zone two
(x¼400–500m, y¼0–130m), Zone three: (x¼210–400 m, y¼130–
230m). The wave maker is located at the position x¼0m. The
number of mesh for the 3D wave simulation is up to 3 millions. Par-
allel computation in TRUCHAS is utilized in simulation.

Fig. 3 shows the wave profile around the caisson breakwater at
four typical times (in one wave period). It can be seen that there are
three wave zones: standing wave in front of the caisson breakwater,
diffracted wave behind the caisson breakwater, and progressive
wave near to the head of breakwater. The standing wave is formed
due to the interference between incident wave and reflected wave
in front of the breakwater; the wave height of this standing wave is
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about 3.0 m, two times of the original height of incident wave. The
diffracted wave behind the caisson breakwater is formed due to the
block effect of the breakwater to incident wave.

Wave impact force on the lateral sides of caisson breakwater is the
main driven force to make the breakwater vibrate. Fig. 4 illustrates the
wave impact force acting on the front and behind lateral sides of the
caisson breakwater. It can be seen that the wave impact force on the
front lateral side of breakwater is significantly much larger than that
on the behind lateral side of breakwater. Therefore, the standing wave
in front of caisson breakwater should be the dominant factor for shear
failure and liquefaction of seabed foundation.

The vibration characteristic of the breakwater under wave loading
is illustrated in Fig. 5. Before the wave arriving at the breakwater, it
keeps its initial static status. After the wave arriving, the breakwater
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Fig. 9. Wave-induced dynamic response in
begins to move forward and backward on horizontal direction, and
swings on vertical direction periodically. As a whole, the breakwater
moves and swings to right hand side when wave crests arrive; and it
moves and swings to left hand side when wave troughs arrive. Fig. 6
demonstrates the displacements of the top-left corner of the caisson
breakwater. It is shown that the maximum horizontal displacement at
the top-left corner is greater than 30mm.
5. Dynamic response of seabed foundation

The wave-induced dynamic response of the seabed foundation
around the caisson breakwater is particularly important for the
stability of the caisson breakwater due to the fact that liquefaction,
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Fig. 10. Wave-induced dynamic response in the seabed foundation at time t¼64 s.
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and shear failure could probably occur. In this section, the wave-
induced dynamic response, and shear failure are investigated.

As mentioned in the above section, there are three kinds of
wave fields around the caisson breakwater. Correspondingly, the
wave-induced dynamic pressure acting on different parts of the
seabed around the breakwater is significantly different. Fig. 7
illustrates the wave-induced water pressure acting on the seabed
surface at three typical positions A (x¼180 m, y¼85 m, z¼15 m, in
front of the breakwater), B (x¼230 m, y¼85 m, z¼15 m, behind
the breakwater, and C (x¼205 m, y¼20 m, z¼15 m, near to the
breakwater head). It can be seen that the standing wave-induced
pressure in front of the breakwater is greatest; and the non-
linearity is strong. The diffracted wave-induced pressure behind
the breakwater is smallest. It is indicated that the breakwater
indeed can effectively protect the seabed behind it.

The wave-induced pressure acting on the seabed around the
breakwater is significantly different. It results in that the wave-
induced seabed response is correspondingly different. Fig. 8
demonstrates the vertical distribution of the wave-induced max-
imum pore pressure in the seabed foundation at the three typical
positions. It can also be seen that the standing wave-induced pore
pressure in front of the breakwater is greatest, while the diffracted
wave-induced pore pressure behind the breakwater is smallest.
The progressive wave-induced pore pressure near to the break-
water head is between those. It indicates that the wave-induced
momentary liquefaction is most likely to occur in front of the
caisson breakwater.
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Figs. 9 and 10 demonstrate the distribution of wave-induced
dynamic response in the seabed foundation at two typical times
t¼60 s (wave trough arriving) and t¼64 s (wave crest arriving). It
can be further clearly observed that the seabed response in front of
the caisson breakwater is much stronger than that behind the
caisson breakwater. It is also further indicated that the breakwater
can effectively block the wave energy coming from seaward side,
and protect the seabed foundation behind it. Another phenom-
enon observed is that the wave-induced pore pressure in the
seabed foundation is positive, dynamic σ0

z and σ0
y is compressive,

and dynamic σ0
x is tensile under wave crest. Oppositely, the wave-

induced pore pressure is negative, dynamic σ0
z and σ0

y is tensile,
and dynamic σ0

x is compressive under wave trough. According to
the liquefaction criterion proposed by Okusa (1985), if the wave-
induced tensile dynamic σ0

z is great enough to overcome the
overburdened weight of soil, the seabed foundation will liquefy
transiently. Based on this criterion, the seabed foundation will not
liquefy under wave crest. At time t¼60 s, a wave trough arrives at
the breakwater, the wave-induced pore pressure is negative, and
the dynamic σ0

z is tensile in the zone close to the bottom of the
breakwater, where it is highly possible for the seabed foundation
to transiently liquefy. At time t¼64 s, a wave crest arrives at the
breakwater, the seabed foundation close to the bottom of the
breakwater is unlikely to liquefy. However, the strong pushing
wave impact force would overthrow the breakwater. Therefore,
the liquefaction of seabed foundation and tilting of the breakwater
both should be taken into consideration in structural design. The
liquefaction characteristics of the seabed foundation under wave
loading will be intensively investigated in the next section.

Wave-induced shear stresses τxy and τyz are only concentrated in
the region under the caisson breakwater head. Their magnitude
reaches up to 2 kPa. In the other region far away from the break-
water, the wave-induced τxy and τyz are relatively small, only up to
about 500 Pa. Wave-induced τxy and τyz in the seabed foundation is
the secondary factor for the stability of breakwater. While wave-
induced τxz generally is the dominant factor for the shear failure of
seabed foundation. Wave-induced τxz in the region far away from
the breakwater is distributed in the lower part of seabed founda-
tion. Its magnitude can reach up to 3 kPa. However, the shear failure
would not occur in the lower part of seabed foundation. It is
observed that wave-induced τxz is highly concentrated in the zone
under the caisson breakwater. The maximum magnitude could
reach up to 10 kPa. Under the periodical wave loading, the direction
of dynamic τxz changes from the right to the left periodically. This
wave-induced cyclic dynamic shear stress is a very dangerous factor
for the stability of the breakwater. Fig. 12(a) shows the time history
of τxz in the process wave loading at two typical positions. Before
the wave arriving, τxz is determined in the consolidation status.
After the wave arriving, wave-induced τxz varies periodically.

Mohr–Coulomb criterion is generally adopted to judge the
occurrence of shear failure in the granular materials. The stress
angle θMC is frequently taken as the representative physical
quantity (Fig. 11). The shear failure criterion is expressed as:

θMC ¼ arctan

σ0
1�σ0

3
2

c
tanϕ

þσ 0
1 þσ0

3
2

8>><
>>:

9>>=
>>;

¼ϕ ð17Þ

where θMC is the stress angle, c and ϕ are the cohesion and the
internal friction angle of soil, respectively. σ0

1 and σ0
3 are the

maximum and minimum principle stresses, respectively.
Fig. 12(b) illustrates the variation of stress angle at the same

positions involved in Fig. 12(a). It is observed that the stress angles
are both 28:61 in consolidation status. After wave arriving, the
stress angle at the two positions varies periodically. The variation
magnitude is about 1:51 at (x¼201 m, y¼85 m, z¼14 m), and
about 2:01 at (x¼209 m, y¼85 m, z¼14 m). Furthermore, the
variation regulation of the stress angle at the two positions is
completely opposite. This phenomenon can be attributed to the
symmetry of the two positions along x¼205 m. Generally, the
internal friction angle of sandy seabed foundation is 281–351.
Therefore, the shear failure is possible to occur in the zone under
the caisson breakwater depending on the wave characteristics and
seabed soil property. In the practice of engineering, the replace-
ment of the sandy seabed using gravel materials under marine
structures is a suggested method to avoid the occurrence of wave-
induced shear failure.
6. Momentary liquefaction in seabed foundation

It is well known that very dense seabed and loose seabed
would both exist in offshore environment. The newly deposited
loose sand bed is a typical seabed, which responds to cyclic
loading with unrecoverable deformation. The bearing capacity
of a loose seabed is also weak. Under dynamic loading, such as
ocean wave and seismic wave, soil compaction due to the
rearrangement of soil particles occurs, making the arrangement



Fig. 13. Distribution of the wave-induced seepage force jx, jy and jz at two typical times t¼60 s and t¼64 s. The positive seepage force is upward; and the negative seepage is
downward.

J. Ye et al. / Ocean Engineering 115 (2016) 107–122116
of these soil particles gradually tend to reach to an optimal state
accompanying several residual liquefaction (DeGroot et al.,
2006; Kudella et al., 2006; Kirca et al., 2013) and re-
consolidation processes (Miyamoto et al., 2004). After long-
term dynamic loading in geological history, the soil particles in a
loose seabed could contact with each other very densely. Finally,
the soil compaction due to the plastic volumetric deformation is
unlikely to occur again under dynamic loading. A loose seabed
becomes a very dense elastic seabed. Nowadays, dense seabed
sporadically exists in offshore environment. In the practice of
engineering, coastal engineers generally always manage to
choose a very dense seabed as the seabed foundation of marine
structures due to its strong bearing capacity, and only
momentary liquefaction could occur in them. Evaluation of
wave-induced momentary liquefaction in very dense seabed
foundation of offshore structures is meaningful for the purpose
of structures stability.

The wave-induced momentary liquefaction in an elastic dense
seabed foundation would be one of the main reasons for the
instability of breakwater in offshore environments. The liquefac-
tion characteristics of seabed foundation under 3D wave loading
should be paid special attention by coastal engineers in structures
design. In this study, the momentary liquefaction in dense seabed
around the caisson breakwater is investigated. The wave-induced
residual liquefaction in a loosely deposited seabed foundation at
3D scale will be further investigated in the future.

Okusa (1985) proposed a 1D liquefaction criterion based on the
initial and wave-induced vertical effective stresses σ0

z0 and σ0
zd:

σ0
zdZ�σ0

z0 ð18Þ
In the above liquefaction criterion, σ0

z0 is considered as the pre-
vention of liquefaction; and σ0

zd is the wave-induced dynamic
vertical effective stress. It is the driven force for liquefaction.
However, the effect of initial horizontal effective stresses σ0

x0 and
σ0
y0 on preventing the liquefaction has not been considered. Tsai

(1995) further extended the above 1D liquefaction criterion to 3D
condition:
1
3 ðσ0

x0þσ0
y0þσ0

z0Þþ1
3 ðσ0

xdþσ0
ydþσ0

zdÞZ0 ð19Þ

σ0
xd and σ0

yd are the wave-induced dynamic horizontal effective
stresses. This liquefaction criterion only adopts the average idea.
There is no clear physical meaning of how the σ0

x and σ0
y affect the

liquefaction potential of soil. Recently, Ye (2012a) proposed
another 3D liquefaction criterion to consider the effect of cohesion
and internal friction angle of soil:

σ0
zþ2ðc�σ0

x tanϕÞuð�σ0
xÞþ2ðc�σ0

y tanϕÞuð�σ0
yÞZ0 ð20Þ

in which u(x) is the unit step function. c and ϕ are the cohesion
and the internal friction of soil, respectively. σ0

x, σ
0
y and σ0

z are the
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Fig. 14. Predicted momentary liquefaction zone near the seabed surface under the 3D wave loading in a typical wave period from t¼60 s to t¼68 s. The liquefaction criterion
proposed by Ye (2012a) is used.
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current effective stress states. For sandy soil, the cohesion c nor-
mally is 0. Ye (2012a) claims that the 3D liquefaction criterion
proposed by Tsai (1995) is a special form of the liquefaction cri-
terion considering the cohesion and friction angle when c¼0 and
ϕ¼ 26:61. In this study, the 3D liquefaction proposed by Ye (2012a)
is used.

The essence of momentary liquefaction in the seabed founda-
tion under wave loading is that wave-induced upward seepage
force overcomes the overburdened weight of soil, making the
contact effective stresses between soil particles become zero. As
pointed out in Ye (2012b), the upward seepage force only exists in
the zones under wave troughs; the seepage force in the zones
under wave crests is downward. The seabed under wave trough
could liquefy transiently if the upward seepage force is sufficient
to overcome the overburdened weight of soil and structures;
however, the seabed under wave crest is impossible to liquefy.
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Therefore, the momentary liquefaction in the seabed foundation is
mainly dependent on the magnitude of seepage force, and its
direction. The three components of seepage force in the seabed
foundation are expressed as:

jx ¼
∂ps
∂x

; jy ¼
∂ps
∂y

; jz ¼
∂ps
∂z

ð21Þ

Fig. 13 illustrates the distribution of wave-induced seepage
force jx, jy and jz at two typical times t¼60 s and t¼64 s. It can be
seen that the distribution form of the wave-induced seepage force
jx, jy and jz at time t¼60 s and t¼64 s is basically the same.
However, their direction of these seepage forces is completely
opposite at the two times. That is because the time interval
between the two times is 4 s, which is exactly half of the wave
period. The wave crest and the wave trough on the seabed at time
t¼60 s become wave trough, and wave crest on the same seabed
at time t¼64 s. It is also clearly found that the wave-induced
seepage force jx, jz in front of the caisson breakwater is much
greater than that behind the caisson breakwater. This phenom-
enon indicates that the protection of the breakwater for the sea-
bed behind it is effective. Comparing with the vertical seepage
force jz, the horizontal seepage force jx and jy is very small. The
maximum magnitude of jx and jy is only 2 kN/m3 and 0.2 kN/m3,
rspectively. And it seems that the distribution of jy in the seabed
foundation has no clear relation with the wave profile. The wave-
induced vertical seepage force jz is huge, and is the dominant
factor for the seabed liquefaction. Its magnitude can reach up to
30 kN/m3, which is much greater than 9.81 kN/m3. At time t¼60 s,
a wave trough arrives at the caisson breakwater; jz near to the
caisson breakwater is upward. The momentary liquefaction in this
zone is most likely to occur. At time t¼64 s, a wave crest arrives at
the caisson breakwater; jz is downward. The seabed foundation in
this zone is impossible to liquefy transiently.

Fig. 14 shows the predicted momentary liquefaction zones in the
seabed foundation under the 3D wave loading in one typical wave
period from t¼60 s to t¼68 s. Comparing the distribution of the
liquefaction zones shown in Fig. 14 with the wave profile shown in
Fig. 3, and with the distribution of the vertical seepage force jz
shown in Fig. 13, it is found that the momentary liquefaction indeed
can only appear in the zones where the jz is upward and under
wave troughs. At time t¼60 s, a wave trough arrives at the caisson
breakwater. The seabed foundation near to the front lateral side,
and close to the breakwater head liquefies. This liquefaction may
result in the collapse or tilt of the caisson breakwater. At time
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Fig. 15. Historical curve of the liquefaction depth at three typical positions.

Table 2
Effect of wave and soil characteristics on the wave-induced maximum liquefaction dep

Wave characteristics

H dlique T dlique d dlique
(m) (mm) (s) (mm) (m) (mm)

0.5 0.028 6 0.278 8 1.225
1.5 0.528 8 0.528 10 0.528
2.5 0.972 10 0.778 12 0.375
t¼64 s, a wave crest arrives at the caisson breakwater. The vertical
seepage force jz is downward, which makes the soil particles near to
the caisson breakwater contact more densely. An important phe-
nomenon observed in Fig. 14 is that the seabed foundation behind
the caisson breakwater does not liquefy in the all time. This phe-
nomenon indicates again that the breakwater has effectively pro-
tected the seabed and coastline behind it. The area of liquefaction
zone induced by the standing wave in front of the caisson break-
water is much greater than that induced by the progressive wave.
The liquefaction zones induced by the standing wave and pro-
gressive wave connect together sometimes, separate at other times.

The wave-induced liquefaction depth in the seabed foundation
is an important parameter for coastal engineers involved in design
of a marine structure. Fig. 15 demonstrates the time history of the
liquefaction depth in the seabed foundation at three typical posi-
tions. It is found that the maximum depth of liquefaction zone in
front of the breakwater is about 0.528 m, which is greater than
that induced by the progressive wave (0.278 m). The liquefaction
depth behind the caisson breakwater is always 0.
7. Parametric study

7.1. Effect of wave and soil characteristics

In the practice of offshore engineering, the porous seabed
chosen as the foundation of marine structures is different from
Seabed

θ =120°

Fig. 16. Top-view of the breakwater, seabed and ocean wave system for θ¼ 601 and
θ¼ 1201.

th in seabed foundation in front of the caisson breakwater.

Soil characteristics

E dlique k dlique Sr dlique
(MPa) (mm) (m/s) (mm) (%) (mm)

10 0.528 10�7 0.528 95 0.778
20 0.528 10�5 0.528 98 0.528
100 0.778 10�3 0.028 100 0.0



Fig. 17. Wave profile around the breakwater at a typical time for θ¼ 601 and θ¼ 1201. The position of the wave maker is at x¼0 m.
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cases to cases. It results in the property parameters of seabed
foundation being various. How the wave characteristics and sea-
bed properties affect the wave–seabed–breakwater interaction is
an interesting topic for coastal engineers. Here, the wave-induced
maximum liquefaction depth in the region in front of the caisson
breakwater is taken as the representative quantity to investigate
the effect of wave and soil characteristics on the wave–seabed–
breakwater interaction.

Table 2 lists the wave-induced maximum liquefaction depth
(dlique) in the seabed foundation in front of the caisson breakwater
for different soils and wave characteristics. The standard para-
meters used here are the same with that listed in Table 1. When
investigating the effect of one of those parameters, the other
parameters are kept the same with the standard parameters. In
Table 2, it is found that the maximum wave-induced liquefaction
depth is mainly dependent on wave height, wave period, water
depth, permeability and saturation of seabed. Young's modulus of
seabed only could insignificantly affect the maximum liquefaction
depth. The maximum liquefaction depth is proportional to the
wave height and wave period and Young's modulus of seabed; and
inversely proportional to water depth, permeability and saturation
of seabed.
7.2. Effect of breakwater's direction

In offshore environment, caisson breakwater is not always
perpendicular with incident wave. The angle between the caisson
breakwater and incident wave (defined as θ) would be an
important factor for the wave–seabed–structures interaction. In
this section, the effect of breakwater's direction on the wave-
induced dynamics of breakwater and seabed is investigated.
Except for the configuration θ¼ 901, other two configurations θ¼
601 and θ¼ 1201 are taken as the typical cases (see Fig. 16).

Undoubtedly, the direction of caisson breakwater relative to
incident wave has significant effect on the wave field around the
caisson breakwater. If the caisson breakwater is oblique with the
incident wave, crested wave in front of the breakwater is formed,
rather than standing wave. Regardless of standing wave or crested
wave in front of the breakwater, there is still some wave energy
passing through the breakwater in the form of progressive wave.
Then the diffracted wave is formed behind the breakwater. Fig. 17
illustrates the wave profile around the breakwater at a typical time
for the two configurations θ¼ 601 and θ¼ 1201. Comparing
Figs. 17 and 3, it is found that the wave profiles around the caisson
breakwater are indeed significantly different for the three
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configurations. In the configurations θ¼ 601 and θ¼ 1201, crested
wave in front of the breakwater is formed.

Different wave fields around the caisson breakwater certainly
will result in different responses of the breakwater and its seabed
foundation. First of all, the wave-induced force on the caisson
breakwater would be significantly different. Fig. 18 demonstrates
the wave-induced force acting on the front lateral side of the
caisson breakwater in 1 m length. It is easy to find that the wave-
induced force acting on breakwater is greatest if the incident wave
is normal to the breakwater. In the case of θ¼ 601 and θ¼ 1201,
the wave-induced force on the breakwater is only about half of
that when θ¼ 901. It means that the normal incident wave is most
dangerous for the stability of breakwater.

Corresponding to the significant difference of the wave-
induced force on the breakwater, the dynamic response of the
caisson breakwater is also significantly different. Fig. 19 illustrates
the wave-induced displacements of the caisson breakwater. In
Fig. 19, it is found that the horizontal displacement us is greatest
when θ¼ 901, reaching up to 30 mm; and us when θ¼ 601 or θ¼
1201 is also only about half of that when θ¼ 901. The displacement
in the y direction vs is apparently small when θ¼ 901, only about
1.0 mm; while, vs is relatively great when θ¼ 601 or θ¼ 1201,
reaches up to 10 mm. For vertical displacement ws, it is much
greater when θ¼ 901 than that when θ¼ 601 or θ¼ 1201. It is
noted here that the final settlement of caisson breakwater is also a
little greater when θ¼ 901 than that when θ¼ 601 or θ¼ 1201.
From the point of view of engineering experience, the excessive
horizontal displacement us and vertical displacement ws would
result in the tilting and collapse of breakwater. Therefore, the
obliquely incident wave maybe the best choice for the breakwater
in design.

Fig. 20 shows the comparison of the wave-induced pressure
acting on the seabed at three typical positions. As illustrated in
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Fig. 18. Wave-induced force acting on the front lateral side of caisson breakwater
in 1 m length.
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Fig. 19. Wave-induced displacements of caisson breakwater under wave loading.
Fig. 20, the difference of the wave-induced water pressure acting
on the seabed foundation is not as significant as the wave-induced
force acting on the breakwater. For the seabed in front of the
breakwater, the amplitude of the wave-induced pressure when θ
¼ 1201 is a little smaller than that when θ¼ 601 and θ¼ 901. For
the seabed near to the breakwater head, the wave-induced pres-
sure on the seabed is basically the same except the obvious phase
difference. For the seabed behind the breakwater, the wave-
induced pressure on the seabed when θ¼ 1201 is a little greater
than that when θ¼ 601 and θ¼ 901. As a whole, the difference of
wave-induced pressure acting on the seabed foundation is
insignificant.

Although the wave-induced water pressure acting on the seabed
foundation at the three typical positions is not significantly different
for the three configurations, the wave-induced pore pressure in the
seabed foundation is significantly different. Fig. 21 shows the wave-
induced maximum pore pressure response in the seabed at the
same three typical positions. It is found that the seabed response in
front of the caisson breakwater is significantly different for the
three configurations. The response of the seabed foundation is most
intensive when θ¼ 901. In the seabed near to the breakwater head,
the seabed responses when θ¼ 901 and θ¼ 1201 are basically the
same, but a little greater than that when θ¼ 601. In the seabed
behind the breakwater, the seabed response when θ¼ 901 is
greatest. These results also indicate that the normal incident wave is
most dangerous for the stability of seabed foundation.

Wave-induced liquefaction in the seabed foundation is another
important issue needed to be considered. Fig. 22 demonstrates the
wave-induced liquefaction depth in the seabed foundation at the three
typical positions. It is easy to find that the wave-induced liquefaction
depth in front of the breakwater in the three configurations has the
following sequence: dLique�904dLique�120 4dLique�60. In the seabed
near to the breakwater head, the liquefaction depth has another
sequence: dLique�1204dLique�90 ZdLique�60. In the seabed behind the
breakwater, the liquefaction cannot occur in any configuration.
8. Conclusions

In this study, wave-induced dynamics of a caisson breakwater,
and its very dense elastic seabed foundation is investigated com-
prehensively adopting the developed 3D integrated numerical
model for FSSI. The computational results show that the interac-
tion (except scouring) between ocean wave, offshore breakwater
and its dense seabed foundation can be clearly and effectively
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captured by the integrated model FSSI-CAS 3D. This developed
integrated numerical model would be a promising aided tool for
ocean engineers to predict the dynamics and stability of offshore
structures in design stage. Based on the results presented, the
following conclusions are drawn:

1. In the interaction process between wave, seabed and caisson
breakwater, there are three types of waves around the breakwater
head: standing wave in front of the breakwater, progressive wave
near to the breakwater head, and diffracted wave behind the
breakwater. The 3Dwave applies huge force on the front lateral side
of the caisson breakwater, which is significantly greater than that
on the rear lateral side of the breakwater. Under the 3D wave
loading, the caisson breakwater sways accordingly.

2. Seabed response to 3D ocean wave at different regions around
the breakwater head is significantly different. The seabed
response in front of the caisson breakwater is strongest; while it
is weakest behind the breakwater.

3. Under 3D ocean wave loading, momentary liquefaction could
occur in dense seabed foundation in front of and near to the
caisson breakwater. However, it is impossible for the seabed
foundation behind the caisson breakwater to liquefy due to the
effective protection provided by the caisson breakwater.

4. Parametric study indicates that the maximum liquefaction
depth in front of the caisson breakwater is mainly dependent on
wave height, wave period, water depth, permeability and
saturation of seabed. Young's modulus of the seabed could only
insignificantly affect the maximum liquefaction depth. The
direction of breakwater also significantly affects the interaction
process between the wave, seabed and breakwater. When the
breakwater is normal to incident wave, the maximum lique-
faction depth in front of the breakwater is greatest, because the
standing wave is formed due to the fact that the normal inci-
dent wave is nearly completely reflected by the breakwater.
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