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ABSTRACT   
 
The evaluation of wave-induced excess pore pressure in the vicinity of 
marine structures is one of the key factors for coastal engineers 
involved in the design of foundation for the structures. Unlike previous 
models, the effect of outer shape of sloping seabed and breakwater on 
the wave field is considered in this study, as well as the pre-
consolidation due to the effect of weight of breakwater on the stress 
field in seabed foundation. The phase-resolved absolute shear stress is 
considered as the source of pore pressure generation in the porous 
seabed model. Based on numerical results, we concluded that, the 
liquefaction zone develops first in front of and at the toe of the rubble-
mound breakwater and then extends laterally and vertically to 
neighbouring zones. Under certain conditions, this two liquefied zone 
will be eventually linked together. 
 
KEY WORDS:  Sloping seabed; rubble mound breakwater; 
VARANS equation; poro-elastic; pre-consolidation; phase-resolved 
shear stress; residual liquefaction.  
 
INTRODUCTION 
The coastal structures, such as rubble mound breakwaters and seawalls, 
have been commonly used for the protection of coastline from damage 
and erosion. Generally speaking, when water waves propagate over a 
porous seabed, the dynamic wave pressures acting on the seabed 
surface will further induce excess pore pressure. When the pore 
pressure increases with accompanying decreases in effective stress, part 
of seabed may become unstable or even liquefied. It has been reported 
in the literature that the instability of numerous breakwaters are 
attributed to the liquefaction and shear failure of seabed foundation 
rather than structural itself (Silvester and Hsu, 1989). Thus, the 
evaluation of wave-induced pore pressures and effective stresses are 
important for coastal engineers involved in the design of foundation for 
breakwaters.  
 
Based on the observations in laboratory experiments (Nago et al., 1993) 
and field measurements carried out by Zen and Yamazaki (1990), two 
types of mechanisms for the wave-induced liquefaction in sandy bed 
are identified: transient or momentary liquefaction and residual 
liquefaction. The transient liquefaction most generally occurs within 

unsaturated marine soils under wave trough when there is an upward 
seepage force due to the dissipation of pore pressure induced by the 
encapsulated air. The residual liquefaction is normally seen in fully 
saturated seabed due to the build-up of excess pore pressure caused by 
the volumetric compaction under the action of cyclic loading. In this 
study, we will focus on the residual mechanism. 
 
There are some laboratory experiments for the wave-induced pore 
pressure build-up mechanism in the literature (Tzang, 1998; Sumer et 
al., 1999). Based on laboratory tests (Sumer et al., 1999), it has been 
recognized that the pore pressure accumulation is mainly related to the 
cyclic shear stress ratio ( )0/τ σ ′ , the period of cyclic loading and the 
cyclic loading number required to reach the residual liquefaction value. 
Seed and Rahman, (1978) may be the first to investigate a simple 1D 
finite element model to describe the build-up of pore pressure under 
progressive wave. This model has been further extended or modified to 
examine the wave-induced residual response analytically and 
numerically (Cheng et al., 2001; Sumer and Fredsøe, 2002; Jeng et al., 
2007). Regarding the build-up mechanism for the wave-seabed-
structure interactions, Li and Jeng (2008) proposed a 3D analytical 
solution to investigate wave-induced soil response around breakwater 
head, including both oscillatory and residual mechanisms. Later, the 
dynamic response and residual liquefaction potential of poro-elasto-
plastic seabed foundation around breakwater head was studied by Jeng 
and Ou (2010). 
 
All aforementioned studies have only concerned a breakwater built on a 
flat seabed foundation. A few researches have been done for the 
interaction of wave, flat-seabed and breakwater, but limited to the 
oscillatory mechanism in seabed foundation or rubble mound 
breakwaters. Recently, the integrated numerical model PORO-WSSI 
2D developed by Jeng et al. (2013) has been adopted to investigate the 
interaction between wave, flat-seabed and composite breakwater by Ye 
et al. (2013) and Ye et al. (2014) in which the tsunami and breaking 
wave-induced pore pressure and effective stress in both the seabed 
foundation and rubble mound foundation have been discussed 
specifically. However, the wave-induced residual soil response has not 
been considered in their investigations. 
 
In this study, the wave model is based on the VARANS equation, in 
which the turbulence fluctuations due to the interaction between wave, 
slope seabed and breakwater are obtained by solving the volume-
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averaged k-ε model. In addition to the wave model, another new feature 
of this paper is the new definition of residual mechanism of porous 
seabed model, in which the source term is determined by the phase-
resolved shear stress rather than the maximum shear stress over wave 
period used in previous studies (Sumer and Fredsøe, 2002). 
Considering the complicated interaction between wave, sloping seabed 
and breakwater over each wave period in the numerical modelling 
processes, the phase-revolved shear stress seem to be more available in 
the evaluation of wave- induced  residual mechanism around 
breakwater toes.  
 
GOVERNING EQUATIONS 
 
Wave Model 
 
The VARANS equations used for the wave motion which are derived 
by applying a volume-averaging operator over a representative 
elementary volume to the NS equations can be expressed as (Hsu et al., 
2002), 
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where 

fi
u  is the flow velocity, 

i
x  is the Cartesian coordinate, t is the 

time, 
f

ρ  is the water density, p  is the pressure, 
ij

τ  is the viscous 

stress tensor of the mean flow, 
i

g  is the  acceleration due to gravity, 

and n  and 50d  are the porosity and the equivalent mean diameter of 
the porous material. Ac  denotes the added mass coefficient, calculated 

by ( )0.34 1 / .Ac n n= −  200α =  and 1.1β =  are empirical 
coefficients associated with the linear and nonlinear drag force, 
respectively (Liu et al., 1999). The influence of turbulence fluctuation 
on the mean flow, denoted as fi fju u′ ′ , is obtained by solving the 

volume-averaged k ε−  turbulence model where k  is the kinetic 
energy and ε  is the dissipation rate of kinetic energy (Lin and Liu, 
1998). The over-bar represents the ensemble average and the prime 
denotes turbulent fluctuations with respect to the ensemble average. 
The " "  stand for Darcy’s volume averaging operator and is defined 
as 
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where V  is the total averaging volume, and fV  is the portion of V  

that is occupied by the fluid. The " "f  is the intrinsic averaging 
operator, which is defined as 
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The relationship between the Darcy’s averaging operator and intrinsic 
volume averaging is 
 

,fa n a=   (5) 

 
Seabed Model 
 
As mentioned previously, the mechanisms of wave-induced seabed 
response can be classified into two categories which can be expressed 
as 
 

1,b b b where b bdt
T

= + = ∫   (6) 

 
where T  is the wave period, b  denotes the wave-induced excess pore 
pressure, b  represents the oscillatory component, and b  stands for the 
residual component. In the following sections, both components will be 
considered. 
 
Oscillatory Soil Response 
 
In this study, the consolidation equation (Biot, 1941), which has been 
generally accepted as the governing equation for flow of a compressible 
pore fluid in a compressible pore medium, is adopted to treat the wave-
seabed interaction with the same permeability K  in all directions as 
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in which p  is wave-induced oscillatory pore pressure, sn  is the soil 

porosity, wγ  is the unit weight of pore water, ( ),s su w   are the soil 

displacements, β  is the compressibility of pore fluid, which is defined 
by 
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where wK  is the true modulus of elasticity of water (taken as 92 10×  
N/m2), 0wP  is the absolute water pressure, and S  is the degree of 
saturation.  
 
The governing equations for the force equilibrium in the soil can be 
expressed as 
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where 2∇  is the Laplace operator, G  is the shear modulus, which is 
related to Young’s modulus ( )E  and Poisson’s ratio ( )sµ as 

( )/ 2 1 sE µ+ .  
 
 
 
Residual SoilRresponse 
 
The residual pore pressure ( )sp in previous model can be derived from 
1D Biot’s consolidation equation as (Sumer and Fredsøe, 2002; Jeng 
and Seymour, 2007) 
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Now we further extend this model to 2D case, that is, 
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in which sp  is wave-induced residual pore pressure and vc  denotes 
the coefficient of consolidation which can be defined as 
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It should be noted that the source term in Eq. (12) are re-defined as a 
time dependent function in which the phase-resolved absolute shear 
stress are considered as the source of pore pressure generation, 
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where gu  is the generation of pore pressure, ( ), ,ins x z tτ  is the phase-

resolved absolute shear stress, rα  and rβ  are two empirical 
coefficients which can be estimated by the empirical expressions 
(Sumer et al., 2012) 
 

0.34 0.084r rDα = +  and 0.37 0.46.r rDβ = −  (15) 
 
In addition to the new 2D definition of source term, we considered the 
effect of pre-consolidation in the new model. Regarding the effect of 
weight of breakwater on the stress field in seabed foundation, based on 
the plain strain assumption, the effective normal stress ( )0σ ′  can be 
expressed as 
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where sxσ ′  and szσ ′  are the initial effective stress in the x- and z- 
directions, respectively, which can be obtained based on Hook’s law 
from the present model subjected to gravitational forces. 
  
BOUNDARY VALUE PROBLEM 
 
The computational domain and dimension sizes are shown in Fig. 1. An 
impermeable rubble mound breakwater is constructed on a sloped 
seabed (gradient angle 1:50). The internal wave maker is placed over 
flat part of seabed foundation. In this study, the fifth-order stokes wave 
theory was used to generated the incident waves. The following 
boundary conditions are applied in computation.  
 

 
 
Fig. 1: The sketch map of the computational domain adopted in this 
study 
 
Wave model 
 
Regarding the mean flow field, the no-slip boundary conditions are 
imposed on the seafloor surface and breakwater surface ( )0fiu = . The 

zero-stress condition is adopted on the mean free surface ( )0fijτ =  

while the effect of air flow is neglected. For the turbulence field, the 
log-law distribution of mean tangential velocity in the turbulent 
boundary layer is imposed in the rigid point next to sea floor and 
breakwater surface. Both the turbulent kinetic energy ( )k  and its 

dissipation rate fε  on the free surface are implemented with zero 

gradient boundary conditions, (i.e. 0fk
n n

ε∂∂
= =

∂ ∂
, in which n  is the 

unit normal on the free surface). The damping zones are located at two 
vertical boundaries far away from the concerned region. 
 
 
Seabed Model 
 
At the seabed surface, the vertical effective normal stress vanishes and 
the oscillatory pore pressure is equal to the wave pressure obtained 
from the wave model, while the residual pore pressure are assumed as 
zero at the surface of the seabed ( )0z = , 
 

( ) ( ) ( ),0; , , ,0; 0, 0, 0,s b s sz sp x t P x t x t pτ σ ′= = = =    (17) 

 
For the soil resting on an impermeable rigid bottom, zero displacements 
and no vertical flow occurs at the bottom of the seabed ( )z h= −  , then 
we have 
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It is assumed that no relative displacement and no vertical flux flow 
occurs at the interface between the impermeable rubble mound 
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breakwater and seabed foundation. 
 
Both lateral boundaries of seabed are fixed. The distance from the 
breakwater to the left and right lateral side of seabed is 250 m and 300 
m, respectively. These two distances are enough to eliminate the effect 
of lateral boundary condition on the stress field in the region of interest. 
 
INTEGRATION OF WAVE AND SEABED MODELS 
 
There are three main steps in the model integration. First, the wave 
model is adopted to generate the ocean wave, including the water 
elevation, velocity field and wave pressures. Second, considering the 
continuity of pressure at the interface between the wave model and 
seabed model, we extracted the wave pressure from the bottom of the 
wave model, which will be imposed as boundary condition at seabed 
surface of seabed model. Third, the oscillatory soil response, including 
the pore water pressure, soil displacement and effective stress will be 
obtained by simulating the seabed model. Then, the phase-resolved 
oscillatory shear stresses will be included in the source term and the 
residual soil response will be determined through Eq. (12). 
 
The finite difference method is used to solve the VARANS equations 
and the k ε− equations are solved by using the combined central 
different method and upwind method. The free surface locations are 
tracked by the volume of fluid data on the mesh. The expected wave 
train is generated by using a method of mass source function. The 
governing equations for the dynamic response of seabed are solved by 
using finite element software (COMSOL 2010). 
 
In order to accurately simulate the wave-seabed-breakwater interaction, 
the time interval for both the fluid domain and solid domain is usually 
set as a very small value, for example, T/100, where T is the wave 
period. Orthogonal grid is used in the fluid domain, the size of which in 
the x- direction is 0.35–0.5 m; it is 0.1–0.2 m in z- direction. In the solid 
domain, non-orthogonal FEM mesh which totally contains 27680 
elements is used. For both fluid and solid domain, dense mesh size is 
used in the region close to the breakwater.  
 
 
VALIDATION OF THE PRESENT MODEL 
 
In this section, the numerical results from the proposed model are 
compared with the laboratory experiments conducted by Sumer et al. 
(2012) to ensure the accuracy of the scheme. Sumer et al. (2012) 
conducted a series of wave flumes tests for the residual liquefaction 
within sand bed under progressive waves. The soil was placed in a 0.4-
m-deep, 0.6-m-wide and 0.78-m-long pit in a wave flume (0.6 m in 
width and 26.5 m in length). Wave-induced pore pressures at five 
locations at various distances from the mudline in the middle of the pit 
were made by using the pressure transducers. The input data for this 
comparison are given here: wave period ( )T =1.6 s; wave height 

( )H =0.18 m; water depth ( )d =0.55 m; soil permeability 

( )K = 51.5 10−× m/s; soil porosity ( )sn =0.51; shear modulus 

( )G = 61.92 10×  N/m2; seabed thickness ( )h =0.4 m; Poisson’s ratio 

( )sµ =0.29; consolidation coefficient ( )vc =0.0127 m2/s; relative 

density of soil ( )rD =0.28; coefficient of lateral earth pressure 

( )0K =0.42, degree of saturation ( )rS =1.0; and submerged specific 

weight of soil ( )γ ′ =8.14 KN/m3. Fig. 2(a) compares the time variation 

of the residual pore pressure p  obtained from the present model with 

the time series of pore water pressure p  obtained in the experiment 
while Fig. 2(b) compares the depth variation of the residual pore 
pressure from the present model p with the experimental data. As 
shown in Fig. 2(a), the residual pore pressure from the present model 
capture well with the mean value of the pressure from the experiment. 
It can be observed from Fig. 2(b) that, the present model provides a 
reasonable good prediction for the depth variation of the wave-induced 
residual pore pressure, compared with the experimental data especially 
before 15th wave period. After which, the difference between the 
numerical results and experimental data is significant. This is due to the 
fact that the present model is based on the poro-elastic theory, it can 
only provide first-hand prediction of development of liquefaction zone. 
The influence of the degree of stress axes which is important in the 
prediction of residual liquefaction cannot be simulated. This requires a 
more sophisticated model such as poro-elastoplastic model in the 
future. 

 
 

(a) (x,z)=(0,-0.085) m 
 

 
 

(b) x=0 m 
 

Fig. 2: Comparison of model results and experimental data. 
 
PRE-CONSOLIDATION 
 
It has been reported in previous studies that the rubble mound 
breakwater significantly affect the stress fields in the seabed foundation 
compared that without any structure (Ulker et al., 2010; Jeng and Ye, 
2013). The seabed foundation will reach a new equilibrium 
consolidation status induced by the self-weight of the breakwater. In 
this study, the actual initial effective stresses can be obtained from the 
present numerical model under dead loadings including the static water 
pressures and the weight of rubble mound breakwater. The following 
parameters will be used in the numerical examples unless specified.  
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Wave parameters: wave period ( )T =10 s, wave height ( )H =5 m, 

water depth ( )d =16 m. 
 
Seabed parameters: relative density of soil ( )rD =0.3, ( )sk = 510− m/s, 

soil porosity ( )sn =0.3, shear modulus 7( ) 10G = N/m2, Poisson's ratio 
( )sµ =0.4, submerged specific weight of soil ( )γ ′ =10.714kN/m2, 
degree of saturation ( )S =1.0. 
 
Impermeable rubble mound breakwater parameters: Young’s modulus 

11( ) 10E = N/m2, Poisson's ratio ( )sµ =0.2, submerged specific weight 
of soil ( )γ ′ =16 kN/m2. 
 
It can be seen from Fig. 3 that, in the region close to the breakwater, the 
effective stresses increase toward the bottom and there is a stress 
concentration beneath the breakwater which can be attributed to the 
significant different stiffness at the interface between the breakwater 
and seabed foundation. The distribution is layered in the region far 
away from the breakwater, which comes from the self-gravity of seabed 
soil. This indicates that the effects of breakwater on the stress field 
basically disappear. It is also observed from the figure that the seabed 
foundation under the rubble mound breakwater moves toward its left 
and right sides, and subsides downward under dead loadings. Due to 
the fact that the breakwater is built on a sloped seabed, the magnitude 
of the displacement toward left side is greater than that toward right 
side.  
 

 
 

 
 

 
 

Fig.3: Distributions of effective stress and soil displacements in seabed 
foundation and breakwater in consolidation status. 
 
INTERACTION BETWEEN WAVE AND BREAKWATER 
 
As shown in Fig. 4, when the wave propagates over the breakwater, the 
water depth gradually decreases with respect to the initial depth due to 
the presence of the sloping seabed. The wave does not break on the 
slope until it reaches the breakwater. There is a complicated interaction 
between the wave and breakwater resulting in a significant amount of 
turbulence generated in the vicinity of breakwater. The wave height in 
front of the breakwater becomes nearly double of the original wave 
height due to reflection. Another part of the wave will overtop the 
breakwater leading to the free surface of the sea water behind the 
breakwater vibrate freely. At this time, the wave decays obviously as 
part of incident wave energy has been dissipated due to the wave-
structure interaction.  
 

 
 

 
 

 
Fig.4: Interaction process between the progressive wave and 
breakwater built on a slop seabed 
 
DYNAMIC RESPONSE OF SEABED FOUNDATION 
 
It has been mentioned previously, the phase-resolved oscillatory shear 
stress is used as the source of pore pressure accumulation in the present 
study. Two mainly reasons attributed to this assumption which can be 
concluded as: (1) the source term was determined by the oscillatory 
shear stress which should be a time-dependent function; (2) regarding 
the complicated interaction between the wave, breakwater and seabed 
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foundation, phase-resolved shear stress is a better choice, which can 
link oscillatory and residual mechanisms instantaneously, compared 
with the maximum shear stress over period used in the previous studies 
(Sumer & Fredsøe, 2002; Jeng and Seymour, 2007). Since there is a 
complicated interaction between wave, slope seabed and breakwater, it 
is necessary to investigate the time variations of wave-induced 
oscillatory mechanisms subject to wave loads in this section. As shown 
in Fig. 5, the distribution of wave-induced oscillatory pore pressure is 
directly related to the free surface of ocean waves. The soil is subject to 
compression under wave crest while it is subject to decompression 
under wave trough. There exists a phase lag between the wave-induced 
shear stress in the seabed and the wave propagating on the seabed. Due 
to the energy dissipation of wave loads induced by the block effect of 
the breakwater, both the wave-induced oscillatory pore pressure and the 
dynamic shear stress in the zone on the left-hand side the breakwater is 
normally greater than that on the right-hand side of the breakwater. It is 
interesting to see that there always exists a shear stress concentration 
zone at the left toe of the breakwater, which becomes more significant 
when the wave height increases in front of the breakwater. This 
phenomenon can be attributed to significant different stiffness at the 
interface between the breakwater and seabed foundation. 
 
 
 

 
 
 
 

 
 
 
Fig.5: Distributions of wave-induced pore pressure in seabed 
foundation at different times. 
 
 
 

 

 
 

 
 

 
 
Fig.6: Distributions of dynamic shear stress in seabed foundation at 
different times. 
 
RESIDUAL MECHANISM IN THE VICINITY OF 
BREAKWATER 
 
It is recognised that liquefaction will occur when the excess pore 
pressure reaches the initial effective stress, i.e., 0sp σ ′= . Once 
liquefaction occurs, the seabed foundation will behave like a heavy 
fluid resulting in the collapse or tilting of breakwaters. It can be 
observed from Fig. 7 that, there are two liquefied zones developing first 
in front of and at the toe of the breakwater, respectively, where the 
shear strains are most significant. They extend laterally and vertically 
to neighboring points and eventually are connected together.  
 
Besides the development of liquefaction zone, it is necessary to 
examine the wave-induced residual pore pressure in the vicinity of the 
breakwater. In this section, we will examine the effect of wave height 
and relative density of the soil on the wave-induced pore pressure 
accumulation around breakwater toes at three representative points (in 
front of the breakwater; at the toe of the breakwater; behind the 
breakwater) with the same vertical distances from the bed surface.  
 
It can be observed from Fig. 8 that, corresponding to the development 
of liquefaction zone, the residual pore pressure can accumulate to a 
large value in the soil in front of the breakwater and at the toe of the 
breakwater than that behind the breakwater. This phenomenon can be 
attributed to a small magnitude of wave-induced shear strains behind 
the breakwater due to the wave energy dissipation induced by the 
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wave-breakwater interaction. Fig. 8 also illustrated that, the pore 
pressure is more likely to accumulate to a large value in a soil with low 
relative density under the conditions of larger amplitude wave. 
 

 
 
 

Fig.7: Development of liquefaction zone in the vicinity of breakwater. 
 

 
 

(a) Various wave heights (H) 
 
 

 
 

(b) Various relative densities (Dr) 
 

Fig.8: Distribution of residual pore pressure at different locations in the 
vicinity of breakwater with (a) various wave heights (H) and (b) 

relative densities (Dr). 
 
CONCLUSIONS 
 
In this study, a 2D integrated model for pore pressure accumulation in 
the vicinity of breakwater over sloping seabed was proposed, in which 
the Biot’s consolidation equation governs the soil model, and the 
Navier-Stokes equation govern the wave model. The source term is re-
defined as 2-D and time-dependent function. The pre-consolidation due 
to the self-weight of the breakwater implemented before ocean wave 
loadings are applied to then numerical model. Based on the numerical 
results, the following conclusions can be drawn: 
 

(1) Numerical comparison illustrated an overall agreement 
between the present model and previous experimental results 
for the cases without a rubble mound breakwater. 

(2) The initial consolidation state of seabed foundation is 
significantly affected by the self-weight of the breakwater. 
This consolidation state should be determined first before 
ocean wave loads are applied to the numerical model. 

(3) There is intensive interaction between wave, breakwater and 
slope seabed foundation. The combination of incident wave 
and reflected wave result in a double wave height with 
respect to the original wave height in front of the breakwater. 
The wave decays obviously after it overtop the breakwater.  

(4) The wave-induced dynamic shear stress in the zone on the 
left-hand side the breakwater is always greater than that on 
the right-hand side of the breakwater. There always exists a 
shear stress concentration zone at the left toe of the 
breakwater. 

(5) The soils in the zones in front of the breakwater and at the 
left toe of the breakwater where the shear strains are most 
significant are liquefied first. Then the liquefied zones extend 
laterally and vertically and eventually are connected together. 
Corresponding to the development of liquefaction zone, the 
wave-induced residual pore pressure will overcome the initial 
effective stress and accumulate to a large value in the soil in 
front of the breakwater and at the left toe of the breakwater 
compared to that behind the breakwater.   
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