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ABSTRACT 
 
The wave-induced pore pressure is a key factor in the prediction of the 
wave-induced liquefaction potential, which has been reported in the 
literature in conjunction with marine engineering (Sumer and Fredsøe, 
2002). Most previous investigations for the wave-induced soil response 
have been limited to uncoupling model by linking wave models with 
seabed models through continuity of pressures at the seabed surface. In 
this study, we proposed a coupled model to link both wave and seabed 
models and provide a better understanding of the mechanism of the 
wave-seabed interactions. Based on the present model, we will 
investigate the difference between the existing uncoupled model and 
the present coupled model in the prediction of the wave-induced 
liquefaction. 
 
KEY WORDS: Coupling model; wave loading; pore pressure; porous 
seabed. 
 
INTRODUCTION 
 
The phenomenon of wave-seabed interaction has been extensively 
studied by marine geotechnical engineers in recent years. One of 
reasons for this growing interest is that numerous marine installations 
have been reported to be damaged by wave-induced seabed instability, 
rather than by construction or material failure (Christian et al., 1974; 
Lundgren et al., 1989; Sumer and Fredsøe, 2002). 
 
Regarding seabed processes, in general, two mechanisms of pore 
pressure generation have been observed in the laboratory and field 
measurement, i.e., oscillatory and residual mechanisms. Most previous 

investigations have been considered one of them, rather than integrate 
both mechanisms. In this study, both oscillatory and residual 
mechanisms of the wave-induced pore pressure are considered. The 
oscillatory mechanism will be modeled by the elastic soil model, while 
the residual mechanism will be modeled by plastic soil model. The 
existing plastic model for residual mechanism (Sassa and Sekiguchi., 
1999) was limited to 1-D case, which is extended to 2-D before we 
coupled it with the wave model. 
 
For the coupling model, the authors first established the wave model in 
COMSOL Multiphysics version 4.2. The wave model is based on 
Reynolds-Averaged Navier-Stokes (RANS) equations with k-ε 
turbulence closure scheme. The internal wave maker method proposed 
by Choi and Yoon (2009) is used in the present study, avoiding the 
simultaneous specification of waves at inflow boundary. Then, we link 
two models together and solve the fluid and seabed domain 
simultaneously in COMSOL environments. The advantage of this 
coupled model is to allow us to see the effects of both components, 
unlikely previous one-way integrated models (Jeng et al., 2013; Ye et 
al., 2014). 
 
In this paper, we first validated the proposed model with analytical 
solution and experimental data. The wave induced by momentum wave 
maker will be compared with the analytical solution. The poro-
elastoplastic model will be validated with the previous experimental 
data including the wave experiment by Sumer et al., 1999) and 
centrifuge tests (Sassa & Sekiguchi, 1999). Numerical comparisons 
showed that the present model overall agrees well with both wave 
experiment and centrifugal tests. Finally, we examine effects of 
elastoplastic soil behavior by compare our model with the previous 
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elastic model and demonstrated the significant influence of soil 
plasticity on the residual liquefaction. 
 
NUMERICAL MODEL 
 
Two sub-models are included in the proposed coupling wave seabed 
model: wave generation model and seabed model. The wave model is 
established for generating waves and describing their propagation in a 
viscous fluid. The seabed model is used to determine the seabed 
responses to the waves, including the pore pressure, soil displacements 
and effective stresses. Unlike any previous one-way integrating model, 
these two sub-models are fully coupled in COMSOL Multiphysics, in 
which wave and seabed model are simultaneously calculated. 
 
Wave Model 
 
In this study, the flow field inside and outside of the porous media is 
determined by solving the RANS equations, which are derived by 
integrating the RANS equations over the control volume. An internal 
wave-maker method using a momentum source function was proposed 
as follows 
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where ( )i and ( )ij  present index (tensor) notation, iu and p  are 

ensemble-averaged velocity and pressure of fluid field, respectively, 

ig is gravity, ( , , )i x y zS S S S= is an arbitrary source term, and for 

incompressible flow ijτ is the stress tensor including viscous stress and 

Reynolds stress, which is written as 
 

ji
ij i j

j i

uu
u u

x x
τ µ ρ

 ∂∂ ′ ′= + −  ∂ ∂ 
    (2) 

 

where µ  is the dynamic viscosity,   denotes ensemble average and 

iu′  is the fluctuating velocity, the ensemble average of which 0.iu′ =  

For internal wave generation, the momentum source functions were 

applied to the source terms xS and yS of the RANS equation without 

any z-directional variation  and 0.zS =  The detailed expression of 

iS can be found in Choi and Yoon (2009). 

 

 
Fig. 1: Coupling model for wave-seabed interaction 
 
Seabed Model 
 
Regarding the seabed model, the authors adopt the elastoplastic model 
for the wave-induced soil response. The present model consists of two 
components: elastic part for osciallatory pore pressure and plastic part 
for residual pore pressure. 
 
In this study, we consider ocean wave trains with wavelength L  and 
wave period T  propagate over a porous seabed, as illustrated in Fig. 1. 
The wave-induced excess pressure oscillations p  at a generic point in 
the soil bed vary with time. We divide p  into two components, i.e., 

 

(1) (2)
e e ep p p= +        (3) 

 

where (1)
ep  represents the oscillatory component, whose temporal 

average (1)
ep  over any wave cycle is zero. The second component, 

(2)
ep , stands for the residual pore pressure, which essentially stems 

from cyclic plasticity (contractive behavior) of the soil. 
 

Elastic model for oscillatory mechanism 
 
Based on conservation of mass, Biot's consolidation equation (Biot, 
1941) is used as the governing equation for oscillatory mechanism. The 
porous seabed is considered as an elastically isotropic, unsaturated and 
hydraulically isotropic medium. The soil skeleton and pore fluid are 
compressible and obey Hooke's law. For a two-dimensional problem, 
the governing equation can be expressed as 
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where wγ is the unit weight of pore water; n  is the soil porosity; the 

elastic volume strain of soil matrix eε  and the compressibility of pore 

fluid sβ  are defined as: 
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in which ( , )s su w are soil displacements in the x- and z-directions, 

respectively, wK  is the true modulus of elasticity of water (taken as 

9 22 10 /N m× ), woP  is the absolute water pressure, and S  is the 

degree of saturation. 
 

The total stress ijσ  also can be expressed in following forms. 

 

(1)
ij ij ij epσ σ δ′= −       (6) 

 

where ijσ ′  is effective stress, ijδ  is the Kronecker Delta denotation. 

 
Based on Hooke’s law, the relationship between effective stresses and 
soil displacements can be expressed as  
 

, ,2ij i i i ju Guσ λ′ = +       (7) 

 

in which G  is shear modulus, u is soil displacement and µ is 

Poisson’s ratio and 2 / (1 2 )Gλ µ µ= − is the Lame’s constant. 

 
Plastic model for oscillatory mechanism 
 
In this section, the residual component of pore pressure is considered 
through a simple but workable plastic constitutive relationship with 
cumulative contraction of soil under cyclic loading, which leads to the 
pore pressure accumulation process. After a series mathematical 

operations, the expression relating to the residual pore pressure (2)
ep  

has been derived in 2-D. 
 

The total volumetric strain increment ( dε ) of an element of non-
cohesive soil subjected to cyclic loading consists of an elastic 

component ( edε ) and a plastic component ( pdε ), i.e., 

 

.e pd d dε ε ε= +       (8) 

 
For a simple approximation, the elastic volumetric strain increment 
may be expressed by the increment of the vertical effective stress 

(1)
vdσ ′  in the form (1)

e v vd m dε σ ′= , where vm  is the coefficient of 

volume compressibility of the soil. Therefore,  
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The storage equation relating to a deformable soil can be expressed as  
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Combination of equations (9) and (10) yields 
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Note that the time averages vσ∆  and 
(1)

ep  over a wave cycle may be 

considered to be zero. Therefore, the residual component is governed 
by 
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It is generally accepted that loose non-cohesive soils exhibit 
accumulative volume reduction when subjected to repeated loading. 
The cyclic plasticity of such a non-cohesive soil is mostly related to the 

amplitude of shear stress τ  and increasing number of loading cyclesξ . 

As reported by Sekiguchi et al.(1995) for loosely packed sand, the 

plastic volumetric strain pε  under cyclic loading with a constant 

amplitude and increasing wave cycles at a fixed point can be expressed 
as 
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where ξ  is the wave repetitions, ω  is angular frequency of the waves 

defined by 2 / Tω π= , β  is a parameter governing the rate of 

accumulation of plastic volumetric strain relating to the material 

parameters, and pε
∞  stands for the amount of plastic volumetric strain 

where ξ  ultimately approaches infinity. 

 
For a two-dimensional problem such as this study, the cyclic stress ratio  
χ  will be changing and not be constant. That is, at a generic point, 
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Where ( , )x zτ  is the shear stress amplitude and 0 ( )v zσ ′  stands for the 

initial vertical effective stress defined by  
 

0 ( ) ( ) , for 0v s wz z z zσ γ γ γ′ ′= − = − − ≤    (15) 

 

where γ ′  is the submerged unit weight of the soil. 

 
For a two dimensional problem, we rewrite the expression of plastic 
volumetric strain as  
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where R and α  are material parameters. Therefore, the rate p
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may be expressed as 
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Substituting Eq. 17 into Eq. 11 and introducing ξ  and χ , the equation 

relating to residual pore pressure (2)
ep  becomes 
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For a normal consolidation soil in marine sediments, the value of the 

constrained modulus M  defined by M 1/ mv= usually increases 

linearly with increasing effective confining pressure. That is to say, 
 

, 0h
zM M h z
h
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where hM  stands for a reference value of  M  at the bottom of seabed 

at z h.= −  Note that hM  is a material parameter and the accurate 

value could be achieved by a standard consolidation test. 
 
Eq. 18 is the governing equation for the residual pore pressure 
accumulation and dissipation considering the plasticity of marine 
sediments. The first term on the right-hand side (RHS) shows the 
accumulation and dissipation process in x- and z- direction. The second 
term on RHS indicates the influence of cyclic loading and increasing 
wave repetitions on the residual pore pressure accumulation. 
 
Boundary conditions 
 

To solve the pore pressures (1)
ep  and (2)

ep , appropriate boundary 

conditions are required. 
 
Boundary condition at the seabed surface ( 0z = ) 
 
At the seabed surface, the vertical effective normal stress and shear 
stress are zero and the pore pressure is equal to the external wave 
pressure loading from the wave model, which is expressed as follows.  
 

( )(1) (2)0, , , 0, 0z e b ep p x t p at zσ ′ = = = =             (20) 

 

where  ( ),bp x t  is the dynamic fluid pressure at the seabed 

surface achieved from the wave model.  Unlike previous model, 
the authors not only applied the continuity of pore pressure condition 
above, but also coupled the displacement and shear stress of the soil 
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surface with water elements in the bottom. That is to say, 
 

, , 0soil water soil water soil wateru u w w at zτ τ= = = =   (21) 

 
The addition of Eq. 21 makes sure that the wave maker model 
and seabed model are strongly coupled and the whole domain is 
calculated simultaneously. 
 
Boundary condition at the bottom ( z h= − ) 
 
At the bottom of the seabed, zero displacements and no vertical flow 
occurs, i.e., 
 

(1) (2)

0, 0,ate e
s s

p p
u w z h

z z
∂ ∂

= = = = = −
∂ ∂

            (22) 

 
Integration of the wave and seabed models 
 
In the present model, the whole project is built in COMSOL 
MULTYPHYSICS 4.2. In the process of integrating the RANS 
equations and the elastoplastic equations, two types of the mesh system 
(matching mesh and non-matching mesh) are adopted in the numerical 
computations. The matching mesh system is used, in which the same 
numbers of nodes are required along the sea floor because they have to 
share the same nodes along the surface of the seabed. However, the size 
of the elements in the fluid domain is generally much smaller than that 
in the solid domain. Therefore, the non-matching mesh system is used 
in this study to make sure each part of the project calculated in proper 
meshes. 
 
In the computation, the wave model is responsible for the simulation of 
the wave propagation and determines the pressure acting on the seabed 
surface. The laminar two-phase (air and water) flow theory with level 
set method and moving mesh method are used to model the flow of two 
different, immiscible fluids, when the exact position of the interface is 
of interest. The interface position is tracked by a moving mesh, with 
boundary conditions that account for surface tension and wetting, as 
well as mass transport across the interface. The level set method track 
the fluid-fluid interface using an auxiliary function on a fixed mesh. 
The authors also used the moving mesh method to track the 
displacement of seabed surface. 
 
The seabed is modeled with the PDE interface to solve all the equations 
describing the elastoplastic soil. Both the oscillatory pore pressure and 
residual pore pressure were considered in the present theory. The 
pressure/force acting on the seabed were determined by the wave model 
and  were provided to the soil model to calculate the dynamic response 

of the seabed including the displacements, pore pressure and the 
effective stresses. Meanwhile, the information of seabed will in return 
feed backed to the wave model to adjust the computation of flow field. 
In a same time step, the information of seabed response and the flow 
filed were strongly coupled and shared without any time lag. 
 
NUMERICAL RESULTS AND DISCUSSION 
 
In this section, the present coupling model will be first validated with 
both the existing analytical solution and experimental data. Then a set 
of numerical analysis will be made to investigate the wave-induced soil 
response under the coupling model. For the purpose of solving the total 
wave-induced soil response, the authors first solve the oscillatory pore 
pressures of entire system and calculate the cyclic stress ratio χ  in the 
domain. Then, we adopt the cyclic stress ratio into the procedure of 
solving residual pore pressure. The pore pressure ( ep ) can be obtained 

by summing up the two parts (1)
ep  and (2)

ep . The pore pressure will 
be used to analysis the wave-induced liquefaction. 
 
Validations of the present model 
 
In this section, the proposed 2D model will be validated with the 
previous analytical solutions and experimental data available in the 
literature. These include the wave model verification and seabed model 
verification. 
 
Verification of the wave model: Comparison with analytical solution 
 
Table1: Input data for coupling model  
 

wave and soil characteristics 

(m/s)Kz  41.0 10−×  
2(N/m )G  71 10×  

2(N/m )fK ′  81 10×  
µ  0.35  

n  0.30  

(m)η  2.5 

(sec)T  12.0 

(m)d  30 

(m)L  170 

α  55 

β  0.1 

R  54.6 10−×  

 
To validate the accuracy of the wave maker model, the authors 
extracted the free surface elevations and the dynamic water pressure 
acting on the seabed surface from the coupling model. The analytical 
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solution is calculated under the small-amplitude wave theory and is 
compared with our numerical solution. The input data used is given in 
Table 1. 
 
To simplify the discussion, the authors only attract the data from left 
half area to analysis, since the right area is symmetric. As shown in 
Figs. 2~3, the domain is separated into two parts: wave propagation 
area and wave absorber area. The wave is generated from the inner 
wave maker area and propagating through the propagation area, and 
then absorbed by the sponger layer settled in the absorber area. Fig. 2 
shows the free surface elevation between the present wave model and 
the analytical solution. The result seems to be satisfied except that the 
wave generated is a bit higher than the analytical solution. This is 
because when the wave approaches the absorber area, the minor 
reflection from the sponge layer may slightly amplify the wave height. 
This phenomenon can be alleviated by proper selection of absorber 
coefficient or increasing the length of the wave propagation area. The 
authors calculate the response in the area which is away from the wave 
absorber area to make the results more precise. The similar results can 
be seen from Fig. 3. The Water pressure acting on the seabed surface is 
slightly higher than the analytical solution due to the wave reflection of 
sponger layer. Overall, the proposed model agrees well with the 
analytical solution both in free surface elevation and in water pressure 
acting on the seabed. 
 

 
 
Fig. 2: Comparison of free surface elevation between present coupling 
model and the analytical solution. 
 

 
Verification of the seabed model: Comparison with experimental data 
 
A series of laboratory experiments were conducted in a silt bed for 
pore-water pressure build-up across the soil depth under progressive 
waves at DTU (Sumer et al., 1999). In their experiments, the pore-

water pressure built up as wave progressed and the soil was liquefied 
for wave heights larger than the critical value. Here, the measured 
residual pore pressures are used to compare with the present 
approximation. The wave and soil characteristics used in their 
experiments can be found in Table 2 and the numerical simulations are 
presented in Fig. 4 In this comparison, because the plastic material 
parameters were not available from their paper, we use the parameters 
from a typical soil to catch the maximum pore pressure. As shown in 
the figure, the present model compares well in trends with the 
experimental data. 
 

 
 
Fig. 3: Comparison of water pressure acting on the seabed surface 
between present coupling model and the analytical solution 
 
Table 2: Input data for comparison with experimental data 
 

wave and soil characteristics 

(m/s)Kz  85.37 10−×  
2(N/m )G  55.4 10×  

2(N/m )fK ′  81 10×  
µ  0.41 

n  0.35  

(m)η  0.083 

(sec)T  1.6 

(m)d  0.42 

(m)L  2.89 

α  55 

β  0.1 

R  54.6 10−×  
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Fig. 4: Comprison of residual pore ressure with experimental data. 
 
The second comparison is from a set of centrifugal progressive-wave 
tests conducted on beds of fine-grained sands by Sassa et al. (1999). 
The experiment was concerned with loose deposits of Leighton 
Buzzard sand under a centrifugal acceleration of 50g. Details of the 
centrifuge wave tests are summarized in Table 3. Fig. 5 shows that the 
predicted results capture the essential features of the measured results 
with respect to the residual pore pressure. Both the maximum pore 
pressure and the build-up (and dissipation) of the pore pressure can be 
predicted well. Overall, the present model works well in trend with the 
measured pore pressure under progressive waves. 
 
Table 3: Input data for comparison with centrifugal test 
 

wave and soil characteristics 

(m/s)Kz  51.5 10−×  
2(N/m )G  55.4 10×  

2(N/m )fK ′  81 10×  
µ  0.50 

n  0.42  

(m)η  0.083 

(sec)T  0.091 

(m)d  0.099 

(m)L  0.515 

α  55 

β  0.04 

R  51.8 10−×  

 

 

 
Fig. 5: Comprison of residual pore ressure with centrifugal test. 

 
Application of the present model 
 
In this section, two issues will be discussed in detail with the coupling 
model: the effect of plasticity on seabed response and the influence of 
coupling on wave-induced liquefaction. 
 
 Effect of plasticity on wave-induced pore pressure 
 
Compared to the elastic soil model, the soil plasticity may have some 
different effects on the full soil behavior. To have a clear understanding 
of the influence of soil plasticity, a series of numerical studies is 
undertaken in this case. To demonstrate the effects of soil plasticity, the 
soil depth is chosen as infinite in this example. The input data is given 
in Table 1. As illustrated in Fig. 6, the difference between elastic model 
and elastoplastic model can’t be ignored in this case, the difference 
between these two models enhances when the loading cycles increases. 
 

 
Fig. 6: Vertical distribution of wave-induced pore ressure between 
elastic and elastoplastic models 
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Effect of coupled model on wave-induced liquefaction 
 
To examine the difference between the coupled and uncoupled model 
on wave-induced liquefaction, the development of wave-induced 
liquefaction areas are presented in Fig. 7. To control other variables 
(like plasticity) that may affect the liquefaction area, both models are 
only applied the elastic theory to modelling the seabed response. It 
should be noted that the wave-induced liquefaction area in coupled 
model is small than that in the uncoupling model. Considering that the 
displacement of the seabed surface may affect the flow field from the 
wave generation model, which is not considered in previous one-way 
model, the water pressure acting on the seabed will be decrease by the 
seabed motion. Therefore the soil response may be slightly small than 
the uncoupled model, and so does the liquefaction area. 

 

Fig. 7: Comparison of liqefaction zone between coupled and uncoupled 
models 
 
CONCLUSIONS 
 
In this study, a 2D coupling model for the investigation of wave-seabed 
interaction is developed. The VARANS equations govern the ocean 
wave and the porous flow in the seabed, while the poro-elastoplastic 
equations describe the mechanical behavior of the seabed under wave 
loading. The coupling model is validated by analytical solution (wave 
model) and experimental test (seabed model) in the literature. An 
overall agreement between the present model and the experimental 
measurements demonstrates the capacity of the present model to predict 
the behavior of the elastoplastic seabed (soil model).  
 
The main advantages of the coupling model include: (1) the wave and 
seabed models are strongly coupled in a same platform (COMSOL) and 
all the equations are solved simultaneously; (2) The wave model can be 

used to simulate not only small amplitude wave but also large waves 
and nonlinear waves. (3) The elastoplastic model could be more precise 
when the plasticity of soil cannot be ignored, which is usually 
important for marine sediments; (4) the coupling model could be used 
for more complex situation such as the wave-seabed-structure 
interaction. 
 
Only some preliminary results are presented in this paper, more 
advanced results and applications of the coupling model is currently 
undertaken, and will be reported in the future.  
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