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Abstract: The evaluation of wave-induced seabed stability around a submerged breakwater is
particularly important for coastal engineers involved in design of the foundation of breakwaters.
Unlike previous studies, a mesh-free model is developed to investigate the dynamic soil response
around a submerged breakwater in this study. Both regular and irregular wave loadings are con-
sidered. The present model was validated against the previous experimental data and theoretical
models for both regular and irregular waves. Parametric study shows the regular wave-induced
liquefaction depth increases as wave period and wave height increase. The seabed is more likely to be
liquefied with a low degree of saturation and soil permeability. A similar trend of the effects of wave
and seabed characteristics on the irregular wave-induced soil response is found in the numerical
examples.

Keywords: wave-seabed-structure interactions; mesh-free model; local radial basis function colloca-
tion method; oscillatory liquefaction; irregular wave

1. Introduction

Climate change is a a global issue that has significant impacts on coastal zones. This sci-
entific issue does not only challenge the ocean environments but also its associated engi-
neering design for coastal structures. For example, the coastal zones have been facing the
extremely storm surge statistics in specific regions due to climate changes. Numerouos re-
cent reports for the impact of climate changes on different scientific issues and engineering
problems have been available in the literature [1–6].

Shoreline protection is one of main concerns in the field of coastal management.
Two methodologies have been commonly used for shoreline protection. One is the so-
called soft option, including beach nourishment or restoration, headline-control, and sand
bypassing design [7–10]. The other shoreline protection method is the so-called hard
option, including breakwaters and seawalls [11–14]. Recently, submerged breakwaters
have been commonly used as one of defense structures in a coastal region because it can
partially eliminate the wave energy and impacts of water waves to coastline. For the design
of breakwaters, the possible interactions between the wave, storm surges, wind setup,
sea current, and tide can produce significant nonlinear effects. This complicated problem
has been studied in the past [4,15–18]. In addition, the possible foundation failure around
a breakwater due to environmental loads is one of key factors that must be considered in
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the design of the structures. In addition to erosion, scouring, and construction deficiency,
the wave-induced seabed liquefaction in the vicinity of a breakwater has been recognized
as one of reasons causing foundation failures [19,20].

There are numerous investigations for the wave-induced seabed response around a
breakwater available in the literature. Among these, Tsai et al. [21] proposed an analytical
solution for the wave-induced soil response around caisson-type breakwater, based on
the boundary-layer approximation [22]. Mase et al. [23] proposed a finite element model
(FEM) to investigate the wave-induced pore-water pressures and effective stresses around
a composited breakwater with a simplified formulation for the dynamic wave pressures
along the rubble mound and the seabed surface. Mostafa et al. [24] investigated the
non-linear wave-induced soil response around a composite breakwater through their
combined boundary element and finite element (BEM-FEM) methods. Later, with concept
of repeatability, the wave-induced soil response around a caisson-type breakwater in a
sandy seabed was examined by FEM [25]. Recently, Jeng et al. [26] proposed an integrated
model (VoF-FEM) for the wave-induced soil response and associated soil liquefaction in
the vicinity of a composited breakwater.

Most previous investigations for the wave-seabed interactions in the vicinity of a
breakwater adopted the conventional numerical methods, such as FEM. Recently, an
alternative approach, the mesh-free scheme, has been adopted for various scientific and
engineering problems because it has the advantages of without meshes and constructing
interpolation basis function directly on the node set naturally deal with the problem,
large deformation, high-order continuous interpolation, and adaptive solution. The most
common mesh-free methods are the method of fundamental solution (MFS), the global RBF
collocation method (GRBFCM), the local RBF collocation method (LRBFCM), the element-
free Galerkin method (EFG method), and the radial point interpolation meshless method
(radial PIM).

Regarding the application of mesh-free method in the problem of wave-seabed inter-
actions, Karim et al. [27] presented a two-dimensional model using the EFG method to
investigate transient response of saturated porous elastic soil under cyclic loading system.
Meanwhile, the radial PIM was applied to solve problems of Biot’s consolidation [28] and
wave-induced seabed response [29]. Recently, the authors developed a meshless model
by employing the LRBFCM to investigate the wave/current-induced seabed response
around offshore pipeline [30] and submarine tunnel [31]. To date, the mesh-free method
has not been applied to the case with a breakwater. In this paper, we further applied
our previous mesh-free model to investigate the wave-induced soil response around a
submerged breakwater under regular and irregular wave loading.

This paper is organized as follows. Firstly, the theoretical model, including wave sub-
model (IHFOAM model) [32] and seabed sub-model (mesh-free model), will be outlined.
Secondly, regular wave-induced soil response and seabed liquefaction around a submerged
breakwater and parametric study will be presented. Finally, irregular wave-induced soil
response in the vicinity of a submerged breakwater will be further discussed.

2. Theoretical Model

In this study, the proposed numerical model consists of two sub-models, wave and
seabed models, which will be outlined in the following sections.

2.1. Wave Model

The conventional 2-D and 3-D modeling of long and narrow structures (e.g., sub-
merged breakwaters) enhances the computational cost. Therefore, simplified approaches
are widely implemented into mathematical models by developing a set of specific links to
reproduce the presence of long and narrow structures, such as submerged barriers, sills,
and levees. Numerous recent studies on the effect of a step on waves characteristics have
been reported in the literature [13,14,33].
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In this study, CFD wave model (IHFOAM) [32] was adopted to simulate wave prop-
agating over a submerged breakwater. IHFOAM is a solver within OpenFOAM for two
incompressible, isothermal immiscible fluids. In the model, the two-phase fluids model of
air and water is established to simulate the wave propagation and the wave pressure of the
whole fluid domain.

The Reynolds-averaged Navier–Stokes (RANS) equations are generally used to govern
the flow motion under the assumption of an incompressible fluid:

∇ · u = 0, (1)

∂ρu
∂t

+∇ · (ρuu) = −∇p∗ − g · r∇ρ +∇ ·
(

µe f f∇u
)

, (2)

∂α

∂t
+∇ · (αu) +∇ · [α(1− α)uc] = 0, (3)

in which u is the velocity vector; ρ is the density of fluid; p∗(= p− ρg · r) is the pressure in
excess of the hydro-static, in which p is total pressure, g is the gravity acceleration, and r is
the Cartesian position vector; µe f f is effective dynamic viscosity, comprised of molecular
viscosity and the turbulent viscosity given by RANS turbulence models. In (3), uc is a
compression velocity at the interface between the fluids, in the normal direction to the free
surface. The indicator function (α) in (3) is defined as the quantity of water per unit of
volume at each cell and is expressed as:

α =


1, water
0, air
0 < α1 < 1, free surface

. (4)

Using the volume fraction (α), one can represent the spatial variation in any fluid
property, such as density and viscosity, and consider the mixture properties:

Ψ = αΨw + (1− α)Ψa , (5)

in which Ψw and Ψa is any kind of fluid property (e.g., density and viscosity) of water and
air, respectively.

Several boundary conditions are adopted in the wave model. The second-order
Stokes wave theory is adopted to generate the progressive waves for the inlet condition.
Meanwhile, an active wave absorption theory is employed to present the re-reflection of
incoming waves at the outlet [34]. A pressure outlet condition is used for the atmospheric
boundary at the upper boundary of the wave model. The surface before and behind the
wave model and the bottom of fluid domain are defined as slip boundary conditions.
The wave-breakwater interface is assumed to be a rigid wall, which is defined as no-slip
condition. More detailed information for the IHFOAM can be found in Reference [32].

2.2. Seabed Model

Based on the poro-elastic theory [35], the pore fluid is compressible and obeys Darcy’s
law, but the acceleration due to the movement of the pore fluid and the soil is ignored.
For a two-dimensional problem, the governing equations for the seabed model are given as

ks∇2 ps − γwnsβs
∂ps

∂t
= γw

∂

∂t

(
∂us

∂x
+

∂ws

∂z

)
, (6)

Gs∇2us +
Gs

(1− 2µs)

∂

∂x

(
∂us

∂x
+

∂ws

∂z

)
=

∂ps

∂x
, (7)

Gs∇2ws +
Gs

(1− 2µs)

∂

∂z

(
∂us

∂x
+

∂ws

∂z

)
=

∂ps

∂z
, (8)
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in which ps is the wave-induced pore pressure; us and ws are the soil displacements in
the x- and z- directions, respectively; γw is the unit weight of the pore water; ns is the soil
porosity; Gs is the shear modulus of soil. In (6), βs is the compressibility of the pore fluid,
which is defined by [36]:

βs =
1

Kw
+

1− Sr

γwd
, (9)

where Kw(=1.95 × 109 N/m2 [37]) is the true bulk modulus of elasticity of water, and d is
the water depth.

The stress-strain relationship is given as

σ′x = 2Gs

[
∂us

∂x
+

µs

1− 2µs

(
∂us

∂x
+

∂ws

∂z

)]
, (10)

σ′z = 2Gs

[
∂ws

∂z
+

µs

1− 2µs

(
∂us

∂x
+

∂ws

∂z

)]
, (11)

τxz = Gs

[
∂us

∂z
+

∂ws

∂x

]
= τzx. (12)

To solve the pore pressures and soil displacements in the above governing equations,
the following boundary conditions are employed.

ps(x, t) = pw(x, t), σ′z = τxz = 0. at z = 0, (13)

us = ws =
∂ps

∂z
= 0, at z = −h, (14)

us
∣∣
x=0,Ls

= ws
∣∣
x=0,Ls

=
∂ps

∂x

∣∣∣∣
x=0,Ls

= 0. (15)

At the seabed surface, (13), pw is obtained from the wave model outlined in Section 2.1,
and effective normal stress and shear stress are vanished. At the bottom of the seabed, (14),
no porous flow come through the rigid boundary, and then soil displacements and vertical
flow gradients vanish. (15) represents the lateral boundary conditions, and there is zero
soil displacement and no flow through the boundaries.

2.3. Mesh-Free Model for a Porous Seabed

Numerous investigations for the wave-induced porous seabed response have been
carried out by using conventional numerical methods, such as FDM, BEM, and FEM.
Despite the powerful features of these numerical methods, the existence of meshes leads to
a relatively long computational process, and singularity of meshes usually occurs for cases
with large deformation.

In this study, a typical meshless method, named LRBFCM, was adopted to solve
the two-dimensional seabed problems. The LRBFCM has been applied in lots of fields,
such as the solution of diffusion problems [38], Darcy flow in porous media [39], water
wave scattering [40], and macro-segregation phenomena [41].

Considering the square computational domain, the domain and its boundary are
discretized into N nodes, and Φ(yj) is going to be solved. Therefore, a linear-equations
system of the following form is required to be developed:

[A]3N×3N [Φ]3N×1 = [B]3N×1, (16)
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where

[Φ]3N×1 =



us(y1)
us(y2)

...
us(yN)
ws(y1)
ws(y2)

...
ws(yN)
p(y1)
p(y2)

...
p(yN)



(17)

is the sought solution, [B]3N×1 is a column vector contributed from the wave model, and
and [A]3N×3N is a sparse system matrix. The structure of [A]3N×3N is the same as that used
in the FDM and FEM.

In Equation (16), the sought solution (us, ws, and p) is approximated around yj by the
RBFs as following expression for constructing a linear equation for every node yn:

Φ(x) ≈
K

∑
m=1

αmχ(rm), (18)

where Φ refers to either us, ws, or p in the governing equations, rm =‖ x − xm ‖ is
the Euclidean distance from x to xm, and αm refers to the corresponding undetermined
coefficient. The group of xm refers to the locations of the K nearest neighbor nodes around
the prescribed center x1 = yn. In this study, the KD-tree algorithm is applied to find the K
nearest neighbor nodes efficiently [42]. Moreover, the multiquadric RBF is expressed as

χ(rm) =
√

rm2 + c2, (19)

with the shape parameter (c) [43]. In order to avoid unnecessary ill-conditioning, a local-
ization process [38,44,45] is introduced here. Firstly, the collocation of Equation (18) on xn
gives

Φ(xn) =
K

∑
m=1

αmχ(‖ xm − xn ‖), (20)

or in matrix-vector form as
[Φ]K×1 = [χ]K×K[α]K×1, (21)

where

[Φ]K×1 =


Φ(x1)
Φ(x2)

...
Φ(xK)

, (22)

[χ]K×K =


χ(‖ x1 − x1 ‖) χ(‖ x1 − x2 ‖) · · · χ(‖ x1 − xK ‖)
χ(‖ x2 − x1 ‖) χ(‖ x2 − x2 ‖) · · · χ(‖ x2 − xK ‖)

...
...

. . .
...

χ(‖ xK − x1 ‖) χ(‖ xK − x2 ‖) · · · χ(‖ xK − xK ‖)

, (23)
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and

[α]K×1 =


α1
α2
...

αK

. (24)

Equation (21) can be inverted as

[α]K×1 = [χ]K×K
−1[Φ]K×1. (25)

Next, LΦ(x) is considered to replace Φ(x) defined in Equation (18), where L is a
linear differential operator of both the governing equation and the boundary condition.
The collocation of LΦ(x) on x1 = yn gives

LΦ(yn) =
K

∑
m=1

αmLχ(rm) |x=x1 , (26)

or in matrix-vector form as
LΦ(yn) = [Lχ]1×K[α]K×1. (27)

In Equation (27), the existence of Lχ(rm) is due to the influence of operator L on the
RBF χ(rm). Then, Equations (25) and (27) are combined as

LΦ(yn) = [C]1×K[φ]K×1, (28)

with
[C]1×K = [Lχ]1×K[χ]

−1
K×K, (29)

and
[Lχ]1×K =

[
Lχ(r1) |x=x1 Lχ(r2) |x=x1 · · · Lχ(rK) |x=x1

]
. (30)

From Equations (28)–(30), it is easy to find that the row vector [C]1×K can be obtained
if all of the values of L, χ and xj are known.

In order to complete the LRBFCM, the meaning of Lχ(rm) needs to be explained.
Without any loss of generality, the expressions of x1 = yn = (0, 0) and rm =‖ xm ‖= r may
be assumed, and, with the following differential operator,

D
Dr

=
d

rdr
, (31)

we have
Dχ

Dr
(r) =

1
(r2 + c2)1/2 , (32)

D2χ

Dr2 (r) =
−1

(r2 + c2)3/2 . (33)

Here, yn is considered in the computational domain. If the time harmonic assumption
e−iωt is considered, Equations (6)–(8) can be expressed in tensor form as

ks∇2 ps + iωγwnsβs ps + iωγwvj,j = 0, (34)

Gsvi,jj +
Gs

(1− 2µs)
vj,ji − ps,i = 0, (35)

where v1 = us, v2 = ws, and the tensor indices i and j vary from 1 to 2. Equations (34) and
(35) can be rewritten, respectively, as

L33 p + L3jvj = 0, (36)
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Li3 p + Lijvj = 0, (37)

with

L33 = ks∇2 + iωγwnsβs, (38)

L3j = iωγw
∂

∂xj
, (39)

Li3 = − ∂

∂xi
, (40)

Lij = δijGs∇2 +
Gs

(1− 2µs)

∂2

∂xi∂xj
. (41)

Thus,

L33χ = ks
d

rdr
(r

d
dr

)
√

r2 + c2 + iωγwnsβs
√

r2 + c2

= ks
r2 + 2c2

√
r2 + c23 + iωγwnsβs

√
r2 + c2,

(42)

L3jχ = iωγwxj
Dχ

Dr
, (43)

Li3χ = −xi
Dχ

Dr
, (44)

Lijχ = δijGs
r2 + 2c2

√
r2 + c23 +

Gs

(1− 2µs)
(δij

Dχ

Dr
+ xixj

D2χ

Dr2 ). (45)

In Equations (38)–(45), we have defined x1 = x and x2 = z.
The linear equations, Equations (42)–(45), can be obtained by the collocations of

the governing equations or boundary conditions for all yn dependent on their location.
These equations can be assembled into the system matrix, shown as Equation (16), and then
the resulted sparse system is solved by using the direct solver of SuperLU [46] in this study.
Until here, the procedure of the LRBFCM for the time harmonic model in Equations (34)
and (35) is finished. If the time dependent model in Equations (6)–(8) is considered,
the Crank–Nicolson method [47] can be applied. The resulted equations can be similarly
discretized by the LRBFCM and thus neglected here.

The mesh convergence of the present model was presented in the authors’ previous
publication [30]. Therefore, this will not repeat in this paper.

3. Regular Wave-Induced Soil Response around a Submerged Breakwater
3.1. Validation of the Present Model with Regular Wave Loading

Mizutani and Mostafa [48] conducted a series of experiments using a two-dimensional
wave tank to examine the wave morphology change surrounding the submerged break-
water and the excess pore water pressure in the sandy foundation below the breakwater.
To validate the present seabed model in dealing with the computational domain including
a submerged breakwater, a comparison between present numerical results and the experi-
mental data obtained by Mizutani and Mostafa [48] is presented in this section. The set-up
of Mizutani and Mostafa [48]’s experiments is shown in Figure 1, and the input data for
their experiments are tabulated in Table 1.
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Table 1. Input data for model validation with Reference [48].

Wave Characteristics

Water depth d 0.3 m

Wave height H 0.03 m

Wave period T 1.4 s

Soil characteristics

Thickness of seabed h 0.19 m

Poisson’s ratio µs 0.33

Soil porosity ns 0.3

Soil permeability ks 0.0022 m/s

Degree of saturation Sr 0.99

Shear modulus Gs 5×108 N/m2

Breakwater parameters

Breakwater height hb 0.21 m

Crown Length bc 1.05 m

Slope length b1 0.42 m

Poisson’s ration µb 0.33

Porosity nb 0.26

Permeability Kb 0.0018 m/s

Shear modulus Gb 1× 109 N/m2

2820 85.5 42 105 42 85.5

25 52.5 52.5 25

4
9 2

1

235 166

1
9

Wave maker 

Sand bed 

Breakwater 

Wave  

absorber 1
0

1
0

1
0

1
0

A

B C D

a b c d

x

z

o

  

Figure 1. Experiment set-up of Mizutani and Mostafa [48]’s tests.

The side slopes of the breakwater are 2:1 (horizontal:vertical). The length of the
computational domain is determined as 10.8 m. According to Ye and Jeng [49], it is long
enough to ensure that the effect of lateral boundary conditions on the soil area around the
breakwater is vanished. As shown in Figure 1, four wave gauages are installed at points a,
b, c and d to monitor the wave profile, while four pore pressure transducers are installed at
point A, B, C, and D to record the wave-induced pore pressure. The wave gauage at Point
a is to measure the incident wave height, at point b and c are to determine the wave profile
at edge of top of the submerged breakwater, and Point d is to check the wave reflection
form the end of the wave flume. Point A is located inside the breakwater on the line of
9.9 cm above the seabed surface, which is used to record the pore water pressure in the
middle of the submerged breakwater. Transducers B, C, and D are embedded in the soil on
the section of 9 cm below the seabed surface. C is utilized to record the pore water pressure
inside the soil foundation under the middle of the breakwater. Moreover, B and D are setup
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for recording the pore water pressure inside the foundation onshore and offshore of the
breakwater, respectively. The second-order Stokes wave theory was adopted to simulate
the wave generation and propagation process.

The comparison with respect to the wave-induced transient dynamic pore pressure
in one period between the present numerical results and the laboratory data is shown in
Figure 2. The computed pore water pressure by the present model is generally in a good
agreement with that measured. It demonstrates the capacity of the present model for the
prediction of regular wave-induced pore-water pressures in a sandy seabed.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

t/T

-0.6

-0.3

0

0.3

0.6

p/
(.

w
*H

)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

t/T

-0.6

-0.3

0

0.3

0.6

p/
(.

w
*H

)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

t/T

-0.6

-0.3

0

0.3

0.6

p/
(.

w
*H

)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

t/T

-0.6

-0.3

0

0.3

0.6

p/
(.

w
*H

)

(a)

(b)

(c)

(d)

Figure 2. Comparisons of the wave-induced pore pressure with experimental data [48]. (a) point A;
(b) point B; (c) point C; (d) point D (line: the present model, red circle: experimental data [48]).

It is noted that the laboratory experiment in Mizutani and Mostafa [48] is a small scale
experiment in the wave flume. It is a common practice for coastal engineering researchers
to use small-scale tests for the validation of the numerical model because it is can be
better controlled in the laboratory environment. The common methodology for coastal
engineering researchers is to validate the theoretical model against the laboratory tests and
then conduct parametric study for large scale engineering problems.

In the following subsections, we apply the present model to investigate the dynamic
soil response around a submerged breakwater under regular wave loading. A submarine
breakwater, of which the height and width are set as 3 m and 30 m, is built on a sandy
seabed, as shown in Figure 3. The wave and seabed properties used in these examples
are listed in Table 2. The breakwater considered in this study is assumed to be imper-
meable, as shown in Figure 3, and the breakwater is located in the center of the whole
computational domain.
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Figure 3. Schematic configuration of computational domain with a breakwater.

Table 2. Input data for numerical examples with regular wave loading.

Wave Conditions

Water depth (d) 11 m

Wave height (H) 2 m, 2.5 m, 3 m

Wave period (T) 6 s, 8 s, 10 s

Soil characteristics

Thickness of seabed (h) 30 m

Poisson’s ratio (µs) 0.33

Soil porosity (ns) 0.3

Soil permeability (ks or K) 0.0001 m/s, 0.001 m/s, 0.002 m/s,
0.007 m/s

Degree of saturation (Sr) 0.925, 0.97, 0.99

Shear modulus (Gs) 5× 107 N/m2

Breakwater conditions

Breakwater height (hb) 3 m

Crown Length (bc) 10 m

Slope length (b1) 10 m

Poisson’s ration (µb) 0.24

Porosity (nb) 0.3

Permeability (Kb) 0.01 m/s

Degree of saturation 0.975

Shear modulus (Gb) 109 N/m2
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3.2. Consolidation Process of Seabed under a Submerged Breakwater

In natural environments, the soil foundation generally has experienced the consolida-
tion process under the hydro-static pressures and the self-weight of the breakwater in the
geological history. After a submarine breakwater is constructed, the marine sediments in
the vicinity of the breakwater will be compressed owing to the self-weight of the structure.
The seabed region will then reach a new equilibrium status. This consolidation process will
change the initial stresses within the seabed, which is one of key parameters for the predic-
tion of the wave-induced soil liquefaction. The criterion of the wave-induced liquefaction
with a structure can be expressed as [50],

(pw − p) ≥ |σ′0|. (46)

As shown in the above criterion, the mean initial stress (σ′0) will directly affect the prediction
of liquefaction.

Figure 4 illustrates the mean effective normal stress and vertical soil displacement
in the soil foundation after consolidation. It can be observed from Figure 4a that the
distribution of the normal effective stress is layered in the the region far from the breakwater,
which is resulted from the body force of soil sediments. However, in the region near the
breakwater, contours of stress have been changed due to the weight of the structure.
Compared with the deeper soil region, the value of the effective stress in the region near
the seabed surface is lower, which indicates the sandy soil at the seabed surface can be
more easier liquefied, as a result of the excess pore pressure more likely exceeding the
reduced effective overburden pressure. As shown in Figure 4b, the seabed foundation
beneath the breakwater moves downward clearly, due to the effect of self-weight of the
breakwater. In the region far away from the structure, the magnitude of the vertical soil
displacement is relatively small, which demonstrates that the influence of the breakwater
in this region normally vanish. The symmetry feature can be seen from the distribution of
both the mean normal effective stress and the vertical soil displacement around the center
of the breakwater.

(a) mean normal effective stress (b) vertical displacement

Figure 4. Distributions of the mean normal effective stress and vertical displacement in a porous
seabed after consolidation.

3.3. Dynamic Analysis of Wave-Breakwater-Seabed Interactions

The dynamic wave pressures on the seabed surface will cause subsequent pore-
water pressures, stresses, and displacements in marine sediments. Herein, a numerical
example for the water wave-driven transient pore water pressure, dynamic stresses, and
soil displacements in a porous seabed is presented. The trend of cyclic soil response over
time can be found in Figures 5–7, respectively. As listed in Table 2, the breakwater is
considered as an elastic material with a relatively large shear modulus Gb = 1× 109 N/m2.
The corresponding Young’s Modulus is 2.48×109 N/m2, which leads to the structure being
nearly close to be rigid.
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(a) t/T= 0.25 (b) t/T=0.5

(c) t/T=0.75 (d) t/T=1.0

Figure 5. Distribution of the wave-induced pore pressure in the vicinity of the breakwater.

Figure 5 illustrates the distribution of pore water pressure in the computational
domain at four different time phases, t/T = 0.25, t/T = 0.5, t/T = 0.75, and t/T = 1.
The breakwater head experienced the wave crest at t/T = 0.25 and the wave trough at t/T
= 0.75, separately. From Figures 5a and 6a, it can be observed that the wave-induced pore
pressure is positive under wave crest, with the associated dynamic vertical effective stress
(σ′z) being compressed. In contrast, from Figures 5c and 6c, it can be found that the pore
water pressure on breakwater head is negative under wave trough, and the associated σ′z
is tensile. It implies that the soil region is most likely to be liquefied under wave troughs
rather than wave crests.

(a) t/T= 0.25 (b) t/T=0.5

(c) t/T= 0.75 (d) t/T=1.0

Figure 6. Distribution of the wave-induced vertical effective stress in the vicinity of the breakwater.
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By comparing Figures 5 and 7, it can be noticed that the wave-induced pore pressure
is mainly concentrated in the region near seabed surface, while shear stress is more con-
centrated in deeper zone rather than shallow zone. The stress concentration beneath the
submerged breakwater can be observed, no matter for dynamic effective stress or shear
stress. This is attributed to the significant various stiffness at the interface between the soil
foundation and the structure.

(a) t/T= 0.25 (b) t/T=0.5

(c) t/T= 0.75 (d) t/T=1.0

Figure 7. Distribution of the wave-induced shear stress in the vicinity of the breakwater.

Distribution of maximum pore water pressures in the computational domain over soil
depth is plotted in Figure 8. As shown in the figure, the distribution of the maximum pore
pressure is generally layered with depth apart from the soil region under the breakwater,
which reflects the impact of the submarine structure. The value of the wave driven
maximum pore pressure is getting smaller as the soil depth deepens. Thus, the seabed
surface is more easier to liquefy than the deep soil zone.

Figure 8. Distribution of the maximum pore pressure in the computational domain for T =10 s.

3.4. Effects of Wave Characteristics

The water wave-driven soil response in a sandy seabed around a marine structure can
be affected significantly by wave characteristics [51–54]. Based on the proposed numerical
seabed model, two key parameters are examined in this section: wave period (T) and
wave height (H). Apart from the liquefaction depth in the vicinity of the breakwater,
the distribution of the pore pressure over time on four representative points with different
wave properties are compared in this section. Four points are selected in the vicinity of the
breakwater, referring to Figure 3. Among these points, location A is inside the structure on
the line of 1.5 m above the base of the breakwater. Points B, C, and D, of which the interval
is 25 m, are embedded on the line of 1.5 m below the seabed surface. Varied wave period
(T) and wave height (H) are analyzed with a fixed water depth (d = 11 m). Regarding the
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analysis for the wave-induced oscillatory soil liquefaction with varied wave characteristics,
the seabed parameters are determined as: Poisson’s ration (µ) = 0.33; soil porosity (n) = 0.3;
soil permeability (K) = 0.001 m/s; degree of saturation (Sr) = 0.9.

To investigate the effect of wave period (T) on the distributions of the wave driven pore
pressures around the breakwater, other water properties are kept still constant, i.e., wave
height (H) = 3 m. Three typical wave periods are selected here: 6 s, 8 s, and 10 s. In general,
longer wave period can lead to a larger wave length and, subsequently, larger value of os-
cillatory pore water pressure in marine sediments. Figure 9 demonstrates the development
of the liquefaction potential for the cases with varied wave period. It can be found that
the liquefaction depth is deeper when the wave period is longer. The distribution of pore
water pressure over time in one wave cycle at the four specified points, with respect to
different wave periods, is depicted in Figure 10, from which it can be observed that the
magnitude of pore pressure is getting larger with longer wave periods. It is interesting to
note that significant phase lag occurs for locations B and D.

 

Figure 9. Development of liquefaction potential around the breakwater with various wave periods.

Wave height is another wave parameter affecting the wave force and energy acting
on the breakwater and the seabed surface, subsequently affecting the wave-induced pore
pressure and effective stresses in marine sediments. Three representative values of wave
height (H) are chosen here: 2 m, 2.5 m, and 3 m. The wave period is determined as 10 s
for this example. It should be noted that the wave height will vary in the process of the
non-linear wave propagation. Therefore, the wave height mentioned here refers to the
original incident wave height.

Figure 11 shows the distributions of the liquefaction depth in the vicinity of the
submarine breakwater for various wave height. Two liquefied zones can be seen on both
sides of the structure, where the shear strains are most significant. The liquefaction depth
for the case with H3 m is deeper compared with that for cases with H = 2 m and H = 2.5 m,
which denote that, the smaller the wave loading, the less likely to be liquefied for the
soil foundation.

The distribution of the wave-induced pore pressure on marine sediments over time is
illustrated in Figure 12. As shown in the figure, the pore pressures at these four specified
points are periodic with time. The magnitude is getting larger when the wave height is
larger. The value of the wave-induced pore pressure at point C is relatively small compared
with that at locations B and D, which results from the position of B being directly below
the breakwater.
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Figure 10. Distribution of the pore pressure over time in one wave cycle on four points with various
wave periods.

 

Figure 11. Development of the liquefaction depth around the breakwater with various wave heights.

Note that the wave parameters used in the above example are not near breaking
wave conditions. This is to reduce the computational domain and time. For the extreme
wave conditions, the present model can be applied but requires significant computation
cost. Since the objective of this paper is the development of mesh-free method and its
application, we only used non-breaking wave conditions as examples.
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Figure 12. Distribution of the pore pressure over time in one wave cycle on four points with various
wave height.

3.5. Effects of Soil Characteristics

This section further investigates the influence of soil properties on the wave-induced
pore pressure and the liquefaction potential around the submarine breakwater. In the
following examples, with height H = 3 m, period T = 10 s, and water depth d = 11 m are
used. Among soil characteristics, two key parameters are selected here: soil permeability
(K) and degree of saturation (Sr). Similar to the examination with respect to wave prop-
erties, the liquefaction potential in the vicinity of the breakwater and the distribution of
the wave-induced pore pressure over time at specified locations for cases with various
soil characteristics are presented in this section. Referring to the following comparisons,
the submarine breakwater properties are selected as: Possion’s ratio (µb) = 0.24; poros-
ity (nb) = 0.3; permeability (Kb) = 0.01 m/s; shear modulus (Gb) = 109 N/m2; degree of
saturation = 0.9.

The soil permeability is an important soil parameter to measure the ability of soil
to drain. The larger the soil permeability, the better the drainage capacity of the soil.
Figure 13 shows the oscillatory soil liquefaction potential around the breakwater for cases
with variable soil permeability. Three typical values are chosen for this comparison:
0.0001 m/s, 0.001 m/s, and 0.007 m/s. The degree of saturation is determined as 0.97
in this example. As illustrated in Figure 13, compared with the case with permeability
K = 0.007 m/s, the liquefaction zone is relatively deep for the case with permeability
K = 0.0001 m/s. This phenomenon indicates that the soil around the breakwater is more
likely to be liquefied for the case with low permeability. It can also be observed that
the liquefaction area in front of the submarine breakwater is larger than that behind the
breakwater, which is attributed to the increment of wave energy in front of the breakwater
induced by wave reflection and wave energy dissipation behind the breakwater due to the
wave-structure interaction.
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Figure 13. Development of liquefaction potential around the breakwater with varied soil permeability.

The distribution of the wave-induced pore pressure s in the breakwater and marine
sediments with respect to different soil permeability (K) is presented in Figure 14. Com-
pared with the magnitude of the pore pressure at locations B, C, and D, that at location A
has no significant difference for cases with various soil permeability. This is resulted from
point A locating inside the breakwater not in the soil region. Due to point C embedded
below the structure, the magnitude of the wave-induced pore pressure at C is relatively
small compared to that at points B and D. It can be found that the wave-driven pore water
pressure in soil increases with increasing soil permeability.
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Figure 14. Distribution of the pore pressure over time in one period on four points with varied
soil permeability.

It has been reported in the literature [20] that the degree of saturation can also signif-
icantly affect the wave-driven soil response around a breakwater. The soil permeability
is determined as 0.001 m/s in this example. Three values of degree of saturation are
compared here: 0.925, 0.97, and 0.99. From Figure 15, it can be found that the liquefaction
potential in the vicinity of the breakwater develops larger for the case with lower degree
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of saturation. When degree of saturation is setup as 0.99, there is no liquefaction zone
behind the structure, indicating the influence of the breakwater on the wave field. Figure 16
illustrates the effect of soil degree of saturation on the wave-induced pore water pressure.
The comparison between the three cases with varied soil degree of saturation at point A
implies that the change on soil parameter can affect the wave-induced response inside the
breakwater slightly. It can be observed that large soil degree of saturation can result in
large pore water pressure.

 

Figure 15. Development of liquefaction potential around the breakwater with various degrees
of saturation.
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Figure 16. Distributions of the pore pressure over time in one period on four points with various
degrees of saturation (Sr).

4. Irregular Wave-Induced Soil Response around a Submerged Breakwater

In natural marine environments, irregular waves are normally observed, rather than
regular waves. However, the issue of irregular waves for the wave-seabed-structure
interactions (WSSI) has not been addressed in detail yet. Thus, it is still essential to
investigate the mechanism of WSSI around a breakwater under irregular wave loading.
In this section, the analysis of the random wave-induced soil response in the vicinity of the
submerged breakwater is presented. The input data for the following numerical examples
are given in Table 3.
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Table 3. Input data for the irregular wave-induced soil response around the breakwater.

Wave Conditions

Water depth d 11 m

Significant wave height H1/3 3 m, 5 m, 6 m

Significant wave period T1/3 9 s, 11 s, 14 s

Soil characteristics

Thickness of seabed h 30 m

Poisson’s ratio µ 0.33

Soil porosity n 0.3

Soil permeability ks or K 0.001 m/s, 0.005 m/s, 0.007 m/s, 0.01 m/s

Degree of saturation Sr 0.9, 0.97, 0.98, 0.99

Shear modulus G 5× 107 N/m2

Breakwater conditions

Breakwater height hb 3 m

Crown Length bc 10 m

Slope length b1 10 m

Poisson’s ration µb 0.24

Porosity nb 0.3

Permeability Kb 0.01 m/s

Shear modulus Gb 109 N/m2

4.1. Irregular Wave Model: JONSWAP Spectrum and B-M Spectrum

In addition to the regular waves, irregular wave loading was simulated in the present
study. Two spectra, JONSWAP spectrum and B-M spectrum, are considered in this section.
Numerous wave spectra have been reported in the literature with their advantages and
limitations [55]. The objective of this section is to demonstrate the possible application of
the present mesh-free model. Therefore, the JONSWAP and B-M spectra are selected as the
first approximation. For different specific sites, different spectrum is required.

Based on the irregular wave theory [55], the water surface elevation can be interpreted
as

η(x, t) =
∞

∑
i=1

aicos(kix− 2π f̃it + εi) ≈
M

∑
i=1

aicos(kix− 2π f̃it + εi), (47)

where M is a sufficiently large number; ai denotes the amplitude of the i-th wave com-
ponent; f̃i is the i-th representative frequency, and εi is a random initial phase angle
distributed in the range of (0, 2π). Based on the dispersion equation, the wave number
of the i-th wave component ki can be obtained by substituting the relevant significant
frequency f̃i and water depth d to

(2π f̃i)
2 = gki tanh kid. (48)

The amplitude of the i-th component ai is determined from a given function related to
the frequency spectrum S( f ), which is

ai =

√
2S( f̃i)∆ fi, f̃i =

fi + fi−1

2
, ∆ fi = fi − fi−1. (49)

This study uses two commonly frequency spectrum, B-M spectrum and JONSWAP
spectrum, to further examine the WSSI under random wave loading. These two standard
frequency spectral density functions are summarized here [55]:
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• B-M spectrum:

S( f ) = 0.257H2
1/3T−4

1/3 f−5exp[−1.03(T1/3 f )−4], (50)

with H1/3 and T1/3 being the highest one-third wave height and the relevant wave
period, significantly, which are recognized as significant wave height and wave period,
respectively.

• JONSWAP spectrum:

S( f ) = β J H2
1/3T−4

P f−5exp[−1.25(TP f )−4]γexp[−(TP f−1)2/2σ2], (51)

with
β J =

0.0624
0.230 + 0.0336γ− 0.185(1.9 + γ)−1 × [1.094− 0.01915 ln γ], (52)

TP =
T1/3

[1− 0.132(γ + 0.2)−0.559]
, (53)

σ =

{
σa : f ≤ fP

σb : f ≥ fP
, (54)

γ = 1 ∼ 7(mean of 3.3), σa = 0.07, σb = 0.09, (55)

where TP means the peak period correlate with the frequency fP at the spectrum peak
( fP = 1/TP). The JONSWAP spectrum is characterized by the peak enhancement factor
γ, which controls the sharpness of the spectral peak [56]. In the present study, the mean
value of γ = 3.3 is used.

It is worthwhile to examine the difference of the dynamic soil behavior under random
waves and corresponding regular waves. Thus, how to define the appropriate regular
wave properties including the corresponding random wave characteristics is significant for
a sufficient comparison. The representative wave height Hr and wave period Tr have been
commonly used for the comparison with the irregular wave results, in which Hr can be
determined as the equivalent sinusoidal wave height of the corresponding random waves
as

Hr =
H1/3√

2
, (56)

and Tr denotes the mean zero-upcrossing period of a irregular wave record, which can be
interpreted from the frequency spectra S( f ) defined by Goda [55]:

Tr = T =
√

m0/m2, (57a)

mn =
∫ ∞

0
f nS( f )d f , n = 0, 2, (57b)

in which mn represents the n-th spectral moment. By applying the above formulas, for B-M
spectrum with H1/3 = 5 m and T1/3 = 11 s, the corresponding representative wave height
and wave period are Hr = 3.5 s and Tr = 8.2 s, respectively; for JONSWAP spectrum with
H1/3 = 3 m and T1/3 = 10 s, the corresponding representative wave height and wave
period are Hr = 2.1 m and Tr = 7.7 s, respectively. Note that the parameter values used in
the examples are class ones within the classic range given in Goda [55]. For different sites,
appropriate parameter values will be required through the field observations.

4.2. Comparison with the Previous Solution with Irregular Wave Loading

To evaluate model performance, there are several static indexes that have been pro-
posed in the literature, for example, Kling-Gupta efficiency in Reference [57–63]. These in-
dexes have been commonly used for flooding or hydrological processes, rather than coastal
engineering. In this study, since there is no experimental data for irregular wave-induced
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soil response available for the validation of the present model, we can only compare the
results obtained from the present model with the existing semi-analytical solution for
irregular wave-induced soil response [56]. The applications of other statistic indexes to
evaluate the performance of the present model can be carried out in a future study.

Liu and Jeng [56]’s was the first attempt considering the irregular wave loading in
the problem of wave-seabed interaction, in which they adopted the analytical solution
for the regular wave-induced soil response [64] with irregular wave theory. Later, Xu
and Dong [65] further investigated the random wave-induced seabed liquefaction. In this
study, we generated the irregular wave loading by given spectrum in IHFOAM [32]. Before
applying the irregular wave loading defined in previous context to investigate the random
wave-induced soil response, the essential step is to assure the efficiency of the present
numerical results. A validation was conducted to compare the calculated wave frequency
spectrum by using Equations (50) and (51) with the predicted frequency spectrum which is
obtained from the simulated wave profile by adopting the auto-correlation method.

The time history of the water elevation η at the fixed node x = 0 is depicted in
Figure 17 [56]. The upper panel represents the water elevation for B-M spectrum, while the
lower panel is for JONSWAP spectrum. The irregularity of water surface induced by the
characteristics of random waves can be clearly seen from this figure. In this comparison,
the water depth is determined as 25 m, and the significant wave height H1/3 and wave
period T1/3 are presumed to be 6 m and 10 s, respectively. Figure 17 shows the simulated
random wave profile for both B-M spectrum and JONSWAP spectrum. The whole range of
wave frequency is estimated to be distributed in (0, 0.5 Hz). The simulated random wave
system is assumed to consist of 101 linear wave components. For these two spectrum,
the peak frequency fP is almost equal to the significant frequency ( f1/3 = 1/T1/3 = 0.1 Hz),
where the wave energy concentrates. It is noted that for a JONSWAP spectrum with peak
enhancement factor γ = 3.3, the peak spectra value is approximately 2.2 times of that for
B-M spectrum, which indicates more wave energy concentrating and corresponding larger
wave pressures for the JONSWAP spectrum. Note that the above discussions are based on
the parameter values used in the spectra, rather than a specific site. Further applied to the
realistic condition, the parameter values for the spectrum can be obtained from the field
observations in the specific site.

Figure 18 shows the comparison between the present results and the semi-analytical
solution [56] for the maximum pore water pressure, effective normal stresses, and shear
stress under random waves including B-M and JONSWAP spectrum. Black lines denote the
soil behaviors under B-M random wave loading, and red lines represent the soil response
under JONSWAP wave loading. It can be observed that the distribution tendencies under
these two random waves are the same. The soil response under the JONSWAP wave
loading is generally greater than that under B-M wave loading, which is consistent with the
conclusion obtained from Figure 17. Although some differences can be seen from Figure 18,
the comparisons of effective stresses and shear stress present a good consistent tendency
for both the B-M and JONSWAP spectrum. There are some reasons that can explain the
cause of the difference between the semi-analytical solution and the present model. First,
the wave generation of Liu and Jeng [56] was based on linear wave theory, while the present
model was based on the second-order Stokes wave theory. Second, the seabed model used
in Liu and Jeng [56] was based on linear superposition of the results of analytical solution
for regular waves, while the present model directly solved the boundary value problem
without the superposition of linear components. These could be the main causes of the
differences in the comparison presented in Figure 18. Further validation of the present
model against experimental data can be done when the data are available in the future.
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Figure 17. Time history of simulated random wave profiles using B-M Spectrum (upper panel) and
JONSWAP Spectrum (lower panel).
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Figure 18. Comparison of the vertical distribution of the maximum soil response under random
waves between the present local RBF collocation method (LRBFCM) model. (a) pore-water pres-
sures (pm/γwd); (b) horizontal effective normal stress (σ′xm/γwd); (c) vertical effective normal stress
(σ′zm/γwd); and (d) shear stress (τxzm/γwd). Notation: black solid line: B-M spectrum; red solid line:
JONSWAP spectrum) and Liu and Jeng [56]’s results (black dashed line: B-M spectrum; red dashed
dot line: JONSWAP spectrum).
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4.3. Soil Response around a Submerged Breakwater with Irregular Wave Loading

As an example, the JONSWAP spectrum is adopted for the irregular wave-induced
soil response around the breakwater. In this case, the significant wave height H1/3 and
wave period T1/3 are considered as 3 m and 10 s, respectively, and the water depth is 11 m.

Figure 19 illustrates the distribution of time versus varying normalized pore pressure
at two levels by using JONSWAP spectrum. (a) refers to z = −0.5h, and (b) refers to z = −h.
Solid lines denote the irregular wave-induced pore water pressure, and the horizontal
dashed lines represent the pore pressure range under the corresponding representative
regular wave loading. For the marine sediments beneath the breakwater, the degree of
saturation Sr and permeability ks are 0.98 and 0.007 m/s, respectively. In this comparison,
the significant wave height and wave period are H1/3 = 3 m and T1/3 = 10 s, respectively.
By employing the definition of representative regular wave, (56) and (57), the correspond-
ing wave height and wave period are determined as Hr = 2.1 m and Tr = 7.7 s, respectively.
From this figure, the irregularity of the pore water pressure distribution induced by the
wave randomness is clearly observed. Comparing the magnitude of the normalized pore
pressure at z = −0.5h and z = −h, it can be observed that the pore pressure is decreasing
when the soil depth is become deep.

It is essential to examine the vertical distribution of the maximum soil response for
engineering practice. Taking the wave and soil properties mentioned in Figure 19 into
account, the numerical results, such as pore water pressure, effective normal stresses, and
shear stresses, under the random wave loading, are illustrated in Figure 20. The solid
line and dashed line denote the soil response under random wave loading and the corre-
sponding representative wave loading, respectively. It can be seen that the distribution
trend of the soil response is same for these two waves; for example, the vertical effective
normal stress σ′zm increases and then attenuates with the increase of soil depth. However,
owing to the characteristics of random waves, the maximum random wave-driven soil
response is larger than the soil response under the corresponding representative regular
wave loading from a whole. It can be seen that the horizontal effective normal stress and
shear stress increases and attenuates and then increases with the increase of soil depth,
which is caused by the seabed thickness being considered as limited and the bottom of the
seabed being impermeable.
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Figure 19. Time-varying normalized pore pressure distribution at two levels by using JONSWAP
spectrum. (a) z = −0.5h and (b) z = −h.
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Figure 20. Distribution of the maximum soil response under the random wave and representative
regular wave loading. (a) Pore pressure pm, (b) horizontal effective normal stress σ′xm, (c) vertical
effective normal stress, and σ′zm (d) shear stress τxzm.

4.4. Parametric Study

In this section, we further examine how wave properties affect the irregular wave-
induced soil response around the breakwater. Figure 21 illustrates the variation caused
by significant wave height H1/3 on the vertical distribution of irregular wave-driven pore
water pressure and stresses. Three significant wave height H1/3 are examined here: 3 m,
5 m, and 6 m. The significant wave period T1/3 is determined as 10 s. Under the premise of
keeping the significant wave period as a constant, increasing the significant wave height
will increase the random wave energy considerably. It can be concluded that the random
wave-induced maximum pore water pressure, both horizontal and vertical, effective normal
stresses, and shear stress increase as the significant wave height increases.

The effect of another dominant wave parameter T1/3 on the WSSI under random waves
is presented in Figure 22. Three random waves are utilized for this comparison with three
significant wave periods T1/3, 9 s, 11 s, and 14 s, respectively. With a constant significant
wave height H1/3 = 3 m, a large significant wave period results in large corresponding
wave length and subsequent soil response. As demonstrated in Figure 22, the random
wave-induced pore water pressure, effective normal stresses, and shear stress decrease
with the decrease of a significant wave period.
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Figure 21. Distribution of the maximum soil response under the random wave with various
wave heights. (a) pore-water pressures (pm/γwd); (b) horizontal effective normal stress (σ′xm/γwd);
(c) vertical effective normal stress (σ′zm/γwd); and (d) shear stress (τxzm/γwd).

In addition to wave parameters, permeability (K) and degree of saturation (Sr), on the
irregular wave-driven maximum soil response, by using the present LRBFCM seabed
model. The numerical simulation is performed under the same wave and soil charac-
teristics adopted in Figure 19, unless specified. Figure 23 demonstrates the effect of soil
permeability on the vertical distribution of the random wave-induced maximum pore
water pressure, as well as maximum effective normal stresses and shear stress. In prin-
ciple, the drainage ability of soil can be reflected in the examination of soil permeability.
Three typical soil permeability are considered here: 0.01 m/s, 0.005 m/s, and 0.001 m/s.
The degree of saturation Sr is considered as 0.97 for the comparison referring to soil per-
meability. As depicted in Figure 23, with an increase of soil permeability, the random
wave-driven maximum pore water pressure and shear stress increase, while the maximum
horizontal and vertical normal stresses decrease. It can be clearly seen that the effect of soil
permeability is significant in the region near the seabed surface, while the effect can be
eligible in the region in the vicinity of the seabed bottom. Furthermore, Figure 23a indicates
that the distribution of the maximum pore water pressure under irregular wave loading is
more gentle for the situation with large soil permeability.
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Figure 22. Distribution of the maximum soil response under the random wave with various wave pe-
riods. (a) pore-water pressures (pm/γwd); (b) horizontal effective normal stress (σ′xm/γwd); (c)
vertical effective normal stress (σ′zm/γwd); and (d) shear stress (τxzm/γwd).
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Figure 23. Distribution of the maximum soil response under the random wave with various soil per-
meabilities. (a) pore-water pressures (pm/γwd); (b) horizontal effective normal stress (σ′xm/γwd); (c)
vertical effective normal stress (σ′zm/γwd); and (d) shear stress (τxzm/γwd).
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Similar to soil permeability, the degree of saturation is also considered as an important
parameter for studying the WSSI under irregular wave loading. The influence of degree of
saturation on the random wave-induced maximum pore water pressure, effective normal
stresses, and shear stress is illustrated in Figure 24. Three different values of degree of
saturation are utilized: 0.9, 0.97, and 0.99. The soil permeability is determined as 0.007 m/s
here. It is found that, in the process of increasing degree of saturation, pore pressure and
shear stress increase, while opposite trends are observed for the vertical distribution of
horizontal and vertical effective normal stresses. In Figures 23 and 24, the wave conditions
are H1/3 = 3 m and T1/3 = 10 s.

 

 

 

       
(a) (b) 

  

(c) (d) 

  

 
Figure 24. Distribution of the maximum soil response under the random wave with various degree
of saturation. (a) pore-water pressures (pm/γwd); (b) horizontal effective normal stress (σ′xm/γwd);
(c) vertical effective normal stress (σ′zm/γwd); and (d) shear stress (τxzm/γwd).

5. Conclusions

In this paper, a mesh-free model for the wave-induced soil response and associated liq-
uefaction in the vicinity of a submerged breakwater is proposed. In the present model, both
regular and irregular wave loadings are considered. The proposed model was compared
with the previous small-scale experimental data [48] for regular wave loading, while it
compared with the semi-analytical solution for irregular wave loading. Although the com-
parison had similar trends with previous works, some differences between the previous
work and the present model are observed.

Based on numerical simulation for the regular wave-induced soil response around a
submerged breakwater, it is concluded that the liquefaction depth increases as wave period
and wave height increases. The seabed is more likely to be liquefied with a low degree of
saturation and soil permeability.

The proposed model was further adopted to conduct a parametric study for irregular
wave-induced soil response around the a breakwater. In this parametric analysis, H1/3
and T1/3 were considered for the wave parameters. In general, the influence of wave and
seabed characteristics on the the irregular wave-induced soil response have similar trends
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as that with regular waves. However, the influence of each parameter is more significant
for irregular wave loading with the parameter values used in the numerical simulation.

This study could be the first attempt for the application of mesh-free method in the
problem of wave-induced seabed response around a breakwater. There are some limitations
of the proposed model, such as: (1) only oscillatory soil response is considered in this study;
and (2) only 2-D conditions are considered. Further development of the mesh-free model
can be extended to 3-D and including residual soil response in the future.
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