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A B S T R A C T   

An open-source numerical toolbox for modeling the porous seabed interaction with waves and structures is 
implemented in the finite-volume-method (FVM) based OpenFOAM® framework. The toolbox includes a soil 
consolidation model, a wave-structure-seabed interaction (WSSI) model, and the liquefaction assessment mod-
ule. In the present work, one-way coupling algorithm is applied for the WSSI analysis. The coupling effect be-
tween different physical domains is achieved by time-varying data mapping via the common boundaries. The 
consolidation model is governed by the quasi-static Biot’s equations and is verified against the theoretical so-
lution for the Terzaghi’s classical consolidation test. The anisotropic wave-induced porous seabed response 
model is governed by the Biot’s equations in the partial-dynamic form, i.e. u � p approximation form, to achieve 
a good efficiency and accuracy. The FVM-based u � p model is validated against the existing experimental data of 
standing wave-induced seabed response near a vertical wall. The integrated WSSI model is validated against 
existing experiment of wave-soil-pile interaction with wave data and soil response data. Good agreement is 
obtained. Two case studies are performed using the present numerical toolbox. The first case is an investigation 
of two-dimensional (2D) nonlinear wave-seabed interaction. The second case is a three-dimensional (3D) 
parametric study of wave-induced seabed response analysis around gravity-based offshore foundations with 
various designs. The 3D parametric study follows the sequence of consolidation analysis, WSSI analysis and 
liquefaction assessment. Two types of liquefaction criteria are implemented and compared in the present study. 
The toolbox is made publicly available through the foam-extend community.   

1. Introduction 

For offshore foundations and coastal structures, soil liquefaction is 
one of the essential concerns which may cause the structural failure. In 
order to prevent the liquefaction risk around the offshore foundations 
and coastal structures, the investigation of wave-induced seabed 
response in the vicinity of the structures is important. The modeling of 
the interaction problem incorporating multiple physical domains 
including the fluid domain of waves and the solid domain(s) of the 
seabed (and the structure). 

To date, most of the studies in the open literature followed the 
manner of using the volume of fluid (VOF) method or boundary element 
method (BEM) to solve the wave domain and a separate code or software 
based on the finite element method (FEM) or finite difference method 
(FDM) to solve the soil domain (Ye, 2012b; Jeng et al., 2013; Zhang 
et al., 2015; Sui et al., 2016). For example, Jeng et al. (2013) proposed a 

model for the wave-induced seabed response around marine structures. 
In their work, the VOF method is applied to model the waves and the 
FEM is applied for the soil analysis. However, to couple different nu-
merical methods/tools for each physical domain, the external data ex-
change and time-step update can incur a high usage of computational 
memory and a low efficiency. Jeng (2012) reviewed the numerical 
methods for wave-seabed interaction in terms of FDM (Zen and Yama-
zaki, 1990a, b; Sui et al., 2019), FEM (Okusa, 1985; Gatmiri, 1990; Jeng 
and Hsu, 1996; Jeng and Lin, 2000) and BEM (Raman-Nair et al., 1991), 
respectively. Among them, the FEM method has been most commonly 
used. In recent years, with the development of open-source software, the 
FVM-based OpenFOAM becomes a platform for multiphysics solver 
development. Using the same numerical method within the same 
framework, the time and computational memory required by the data 
exchange between different physical domains can be reduced. Liu et al. 
(2007) first discretized the Biot’s equations in an FVM manner within 
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OpenFOAM. They investigated the wave-induced response around sub-
merged objects but without parallel computing. Tang et al. (2014) 
implemented a three-dimensional FVM-based anisotropic poro-elastic 
Biot’s model in the quasi-static form. The quasi-static anisotropic 
poro-elastic solver by Tang et al. (2014) was validated and applied in the 
work of Li et al. (2018) in which the anisotropic consideration was 
proved to be practical for modeling the seabed of medium and coarse 
sand. Elsafti and Oumeraci (2016) developed a hydro-geotechnical 
solver named geotechFoam to model the soil-structure interaction 
around the marine gravity structures, including a multi-yield surface 
plasticity model to simulate plastic soil response under cyclic loads. The 
soil constitutive model for simulating plastic deformations and 
two-dimensional wave loading on the elastic seabed without a structure 
has been validated in their work. However, the interaction of waves, the 
seabed and the marine structure has not been modelled and validated 
and liquefaction analysis has not been conducted in their work. Based on 
previous studies, the present toolbox is developed to investigate the 
interaction of nonlinear waves, the anisotropic poro-elastic seabed and 
the marine structure and further to assess the wave-induced momentary 
liquefaction risk around the marine structures in the OpenFOAM 
framework. 

The natural seabed sand experiences the ‘wave-induced compaction’ 
(Sumer, 2014a) for a long history. Under cyclic loading, the loose soil 
will experience the built up and then dissipation of the pore pressure. 
The loose soil particles will rearrange the relative positions to a more 
dense status. For the natural seabed in a dense status due to the long 
history of ‘wave-induced compaction’ process, the poro-elastic theory 
and momentary (instantaneous) liquefaction analysis can provide 
satisfactory results (Ye et al., 2015). The present study focuses on the 
investigation of momentary liquefaction in the poro-elastic seabed. 
However, in some offshore areas, there might exist newly deposited 
loose sand soil which is typical elastoplastic soil so that a 
poro-elastoplastic soil model should be utilized (Ye and Wang, 2016). As 
pointed in Ye et al. (2015), this kind of sand soil has a weak bearing 
capability and is easy to liquefy under cyclic loading. Therefore, it is 
risky to build the marine structures upon it. Also, in some fields, when 
the seabed is active due to continuous sediment transport with sand 
waves so that the soil is constantly being reworked, residual liquefaction 
can be encountered. In the work of Ulker et al. (2009b) and Ulker et al. 
(2010), three forms of the Biot’s poro-elastic soil model were discussed, 
in terms of the quasi-static form, the partial dynamic form (i.e., the u� p 
formulation), and the fully dynamic form. The difference between the 
forms is based on the consideration of including inertial terms associated 
with the motion of fluids and solids. The fully dynamic Biot’s model 
contains the terms associated with the acceleration of the soil and 
relative acceleration of the fluid compared to the soil. However, it was 
reported that the fully dynamic solution could provide a good prediction 
but the solutions were lengthy and difficult to be applied in engineering 
practice, as discussed in the work of Jeng and Rahman (2001) and Jeng 
and Cha (2003). The u � p approximation model was proposed by 
Zienkiewicz et al. (1980) based on Biot’s poro-elastic theory (Biot, 
1956). The pore fluid acceleration relative to the solid phase is neglec-
ted, in order to reduce the computational effort compared to the fully 
dynamic form. The u � p formulation can be more accurate than the 
quasi-static form for the dynamic cases with moderate frequencies. It 
also reduces the computational effort compared to the fully dynamic 
form of the Biot’s model. 

The present work implements the u � p approximation Biot’s model 
in the FVM-based framework with anisotropic considerations. The finite 
volume (FV) soil solver is named anisoUpFoam and is coupled with FV 
wave solver and structure solver to investigated the WSSI interaction. 
The present FV u � p model is validated against experimental data of 
standing wave-induced pore pressure in the soil by Tsai and Lee (1995). 
To validate the integrated WSSI analysis model, the experiment of 
wave-pile-soil interaction (Qi and Gao, 2014; Qi, 2018) is reproduced. 
The experimental data used in this work were not presented in the paper 

of Qi and Gao (2014). Through personal contact with Qi (2018), the 
unpublished data were used in the present work to validate the WSSI 
model. 

To analyze the liquefaction risk in the seabed, the assessment of soil 
consolidation behavior in the presence of marine structures is essential. 
A consolidation solver named elasticBiotConsolidationFoam in the 
quasi-static form accounting for the gravitational forces of the marine 
structure is developed in the present work. The consolidation solver is 
verified against the theoretical solution for the one-dimensional Terza-
ghi’s consolidation test by Wang (2017). For the liquefaction analysis, 
various liquefaction criteria have been proposed based on the effective 
stress (Tsai, 1995; Okusa, 1985) or the excess pore pressure (Zen and 
Yamazaki, 1990b; Jeng, 1997). The liquefaction assessment module in 
the present toolbox incorporates the proposed criteria based on both the 
vertical effective stress and the excess pore pressure. 

The present toolbox is then applied to two case studies. The first one 
is a 2D nonlinear wave-seabed interaction case without the presence of 
the structure. In the second one, a 3D parametric study of wave-induced 
seabed response investigation around offshore foundations with various 
designs is carried out, following the sequence of consolidation analysis, 
WSSI analysis and liquefaction assessment. Two liquefaction criteria are 
applied and compared. 

The toolbox can be used to investigate the seabed response and 
liquefaction risk around offshore foundations and marine structures in 
waves. It is built with a series of solvers and utilities, including a 
consolidation solver, an anisotropic soil response solver with liquefac-
tion assessment module, a linear structural response solver, and inter-
face data mapping utilities. Each specific solver requires minimized 
parameter specification and can be used independently for the specific 
analysis of consolidation or soil response. Parallel running is allowed for 
each solver. The present FVM model can model arbitrary 3D geometry of 
the structure. Using parallel running, a large domain can be solved in a 
fast manner. The toolbox is made publicly available through the foam- 
extend community (Li et al., 2019). 

2. Theoretical background 

2.1. Free surface wave model 

In the wave-structure-seabed analysis, the wave domain is governed 
by the incompressible Navier-Stokes equations including the continuity 
equation and the momentum equations. 

r ⋅ u ¼ 0 (1)  

∂u
∂t
þðu ⋅rÞu¼ �

1
ρf
rpd þ gþ

1
ρf
r⋅τ (2)  

where u denotes the velocity vector with three components in the x,y, 
and z directions respectively; g denotes the gravitational acceleration; ρf 

is the fluid density which can represent the air ρa or the water ρw. pd is 
the dynamic wave pressure which is defined as pd ¼ pt � ρf g⋅x, where pt 

is the total pressure and the x ¼ ðx; y; zÞ is the Cartesian coordinate 
vector. τ is the viscous stress tensor with Einstein notation of τij. For 
Newtonian fluid, 

τij¼ 2μσij (3)  

where μ is the dynamic molecular viscosity with μair for the air and μwater 
for the water. σij is defined by 

σij¼
1
2

�
∂ui

∂xj
þ

∂uj

∂xi

�

(4)  

where i; j 2 [1,2,3]. ui and uj denote the velocity components in x, y and z 
direction, respectively. 

The equations are solved for the two immiscible fluids simulta-
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neously, where the fluids are tracked using a scalar field α. α is 0 for air 
and 1 for water, and any intermediate value is a mixture of the two 
fluids. The distribution of α is modelled by an advection equation 

∂α
∂t
þr ⋅ αuþr ⋅ ½αð1 � αÞur � ¼ 0 (5) 

The last term on the left-hand side is a compression term, which 
limits the smearing of the interface, and ur is a relative velocity (Ber-
berovi�c et al., 2009). 

Using α, one can express the spatial variation in any fluid property, 
through the weighting 

Φ¼ αΦwater þ ð1 � αÞΦair (6)  

Φ is a fluid property, such as ρf and μ. 

2.2. Linear elastic structure model 

The structure domain is modelled as a linear elastic media and is 
governed by a linear momentum balance equation and isotropic linear 
elastic strain-displacement relations. The equations and the solving of 
the equations can be referred to Li et al. (2018). 

2.3. Anisotropic Biot’s consolidation model 

In the present work, the soil behavior is modelled by the classical 
Biot’s consolidation equations (Biot, 1941) with the interaction between 
the solid skeleton and the pore fluids, considering the anisotropic soil 
characteristics. The seabed is nearly saturated and the soil skeleton 
generally obeys Hooke’s law with elastic properties. 

2.3.1. Constitutive relations 
In the present work, the tension stress is defined as positive while the 

compression stress is defined as negative, in compliance with the 
tradition in computational continuum mechanics. The total stress for the 
saturated porous medium is defined by 

σ¼ σ’ � pI (7)  

where σ’ is the effective stress tensor of the soil skeleton, σ is the total 
stress tensor of soil mixture, p is the pore fluid pressure, and I is the 
identity tensor. 

Effective stress-strain relation by the generalized Hooke’s law is 
expressed as 

σ’¼C : ε (8) 

The strain-displacement relation is expressed as 

ε¼ 1
2
�
rUþðrUÞT

�
(9)  

where ε is the strain tensor, U is the soil skeleton displacement vector. 
For anisotropic soil materials, the orthotropic elastic stress-strain 

relation can be expressed in a 6 � 6 matrix notation: 

σ’¼

0

B
B
B
B
B
B
B
B
B
B
B
B
@

σ’
xx

σ’
yy

σ’
zz

σxy

σyz

σxz

1

C
C
C
C
C
C
C
C
C
C
C
C
A

¼

2

6
6
6
6
6
6
4

A11 A12 A31 0 0 0
A12 A22 A23 0 0 0
A31 A23 A33 0 0 0
0 0 0 A44 0 0
0 0 0 0 A55 0
0 0 0 0 0 A66

3

7
7
7
7
7
7
5

0

B
B
B
B
B
B
@

εxx
εyy
εzz
εxy
εyz
εxz

1

C
C
C
C
C
C
A

¼C : ε (10)  

where σ’ is the effective stress tensor. According to the work of Demi-
rd�zi�c et al. (2000), the 9 independent coefficients Aij are calculated from 
Young’s modulus Ei and Poisson’s ratio νij and shear modulus Gij as 
follows: 

A11 ¼
1 � νyzνzy

JEyEz
; A22 ¼

1 � νxzνzx

JExEz
; A33 ¼

1 � νyxνxy

JEyEx
;

A12 ¼
νxy þ νzyνxz

JExEz
; A23 ¼

νyz þ νyxνxz

JExEy
; A31 ¼

νzx þ νyxνzy

JEyEz
;

A44 ¼ 2Gxy; A55 ¼ 2Gyz; A66 ¼ 2Gzx

(11)  

where 

J¼
1 � νxyνyx � νyzνzy � νxzνzx � 2νyxνzyνxz

ExEyEz
(12)  

2.3.2. Quasi-static model for consolidation analysis 
The Biot’s model contains two governing partial differential 

equations:  

(i) One vector equation for the momentum equilibrium.  
(ii) One scalar equation for the mass conservation. 

In the consolidation analysis, a static gravitational force is imposed 
on the seabed; therefore, the Biot’s model in the quasi-static form is 
applied because the frequency of the process is very low. The soil 
domain in the consolidation analysis is governed by a quasi-static mo-
mentum balance equation for the soil mixture and a mass balance 
equation for the pore fluid based on Darcy’s law. The quasi-static mo-
mentum balance equation is presented in Eqn. (13): 

r ⋅
�

C :
1
2
�
rUþðrUÞT

�
�

� rpþ ρg¼ 0 (13)  

where U is the soil (skeleton) displacement, p is the pore fluid pressure, ρ 
is the density of the soil mixture, g is the gravitational acceleration 
vector with components of ð0; 0; gÞ, and C is the fourth-order elastic 
stiffness tensor. The density of the soil mixture, or submerged density of 
the soil is calculated by 

ρ¼ nρf þ ð1 � nÞρs (14)  

where n is the porosity, ρs is the soil density and ρf is the water density. 
The mass balance equation of the pore fluid based on Darcy’s law is 

shown in Eqn. (15): 

n
K’

∂p
∂t
�

1
γw
r ⋅ ðk ⋅rpÞþ

∂
∂t
ðr ⋅ UÞþ k

g
⋅ ðr ⋅ gÞ¼ 0 (15)  

where n denotes the soil porosity, γw denotes the specific weight of water 
in soil, and k denotes the diagonal permeability tensor with values of kx, 
ky and kz. The bulk modulus of the compressible pore flow K’ is 
approximately computed by using the formulation of Vafai and Tien 
(1981): 

1
K’ ¼

1
Kw
þ

1 � Sr

pa
(16)  

where Sr denotes the degree of soil saturation, Kw denotes the bulk 
modulus of pure water (� 2 GPa), and pa ¼ ρf ghw denotes the absolute 
pore water pressure at the seabed. 

2.3.3. u-p approximation model for wave-induced seabed response 
The partial dynamic u � p formulation is more accurate compared to 

the quasi-static form for the oscillating problems and is more efficient 
compared to the fully-dynamic form for most of the engineering prob-
lems. Therefore, it is adopted for the wave-induced seabed response 
modeling in the present work. Satisfactory accuracy has been reported 
by the previous work such as Ye et al. (2013a). 

The wave-induced soil response analysis starts from the status that 
the gravity structure has been installed in place and the consolidation 
process has been completed. At this stage, the seabed soil has adjusted 
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itself in equilibrium with the massive weight of the gravity structure. 
The governing equations for the u � p approximation model to analyze 
the wave effect on the soil is given as follows: 

r ⋅
�

C :
1
2
�
rUþðrUÞT

�
�

� rp � ρ ∂2U
∂t2 ¼ 0 (17)  

n
K’

∂p
∂t
�

1
γw
r ⋅ ðk ⋅rpÞþ

1
g
r ⋅
�

k ⋅
∂2U
∂t2

�

þ
∂
∂t
ðr ⋅ UÞ¼ 0 (18) 

It is noted that the gravitational term ρg is not incorporated in Eqn. 
(17) for the force balance. It is because that the partial dynamic u� p 
approximation form is applied for the pure wave-induced soil response 
analysis, which starts from an equivalent status between the structure 
and the soil. Therefore, in Eqn. (17), the external force is only the dy-
namic wave pressure, incorporated in the term p. 

2.4. Liquefaction criteria 

As mentioned before, there are various liquefaction criteria in the 
open literature based on the effective stress (Tsai, 1995; Okusa, 1985) or 
the excess pore pressure (Zen and Yamazaki, 1990b; Jeng, 1997). Ye 
(2012a) compared different liquefaction criteria for the seabed without 
marine structure built on it. Ye (2012a) concluded that among those 
liquefaction criteria based on the effective stress, the criteria of Okusa 
(1985) provides most appropriate engineering solution and among those 
liquefaction criteria based on the excess pore pressure, the criteria of Zen 
and Yamazaki (1990b) provide the best engineering solution. 

However, these criteria and the conclusion drawn in Ye (2012a) are 
all applicable to the cases without a structure. In the case of liquefaction 
around a gravity structure, the initial effective stress from the consoli-
dation stage should be taken into consideration. In the present work, 
following modified liquefaction criteria considering the presence of the 
structure are incorporated in the liquefaction assessment module, 
including:  

(i) Criterion A. The modified form from Okusa (1985), 

σ’
z �

�
�σ’

z0

�
� (19)  

where σ’
z0 is the initial vertical effective stress induced by the gravita-

tional forces from the consolidation process. The applications of this 
criterion can be referred to the work of Jeng et al. (2013) and Ye et al. 
(2014).  

(ii) Criterion B. The modified form from Zen and Yamazaki (1990b), 

p � pb �
�
�σ’

z0

�
� (20)  

where pb is the wave-induced pressure on the seabed surface. The ap-
plications of this criterion can refer to the work of Sui et al. (2017), Zhao 
et al. (2017) and Sui et al. (2019). 

The right hand sides of Eqn. (19) and Eqn. (20) express the down-
ward gravitational forces including the soil weight and the external 
gravitational forces. The left hand sides of the liquefaction equations 
express the upward wave-induced hydraulic forces. In the present work, 
the two liquefaction criteria above are implemented. The present study 
will evaluate and compare the two representative criteria (A and B) in 
the application section (Section 5) with a gravity-based structure built 
on the seabed. It is worthwhile to mention that in the presence of the 
structure, especially when the structure is constructed on the loose 
seabed soil, nonlinear interaction between the seabed and the structure 
can occur. Therefore, the present liquefaction criteria can be no longer 
applicable. It is reported in Ye and Wang (2015) that when the structure 
was built on newly deposited Quaternary sediment seabed, it could sink, 
tilt and rotate under seismic loading resulting from liquefaction and 
softening of the seabed soil. They found that the upward pore pressure 

gradient generated near the structure could exceed the initial vertical 
effective stress even if the soil was not fully liquefied. It is because the 
stress state of the surrounding soil was significantly affected during the 
soil-structure interaction process after the ground shaking. In the pre-
sent work, it is assumed that the seabed can provide a valid support to 
the structure before the instantaneous liquefaction occurs. Therefore, 
there is no soil-structure interaction involved in the present model. 

2.5. Finite volume method based approach 

In the Biot’s model, the momentum and mass balance equations are 
strongly coupled. In the FVM analysis, the coupling of the three 
displacement components Ux, Uy, Uz and pressure p are handled by using 
a ‘segregated strategy’ (Demird�zi�c and Martinovi�c, 1993; Demird�zi�c and 
Muzaferija, 1994). The equations are split into the ‘implicit’ and 
‘explicit’ discretization parts, where the ‘explicit’ parts contain all the 
coupling effect from the other variables and shall be evaluated from the 
previous iteration or the initial condition. 

The cross-component coupling in Eqn. (10) can be decomposed into 
implicit and explicit components: 

σ’ ¼C : ε¼K⋅rU
|fflfflffl{zfflfflffl}

implicit

þ C : ε � K⋅rU
|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}

explicit

: (21)  

where the K is a 3� 3 diagonal stiffness tensor given by 

K¼

2

4
A11 0 0
0 A22 0
0 0 A33

3

5 (22) 

In this way, Eqn. (13) and Eqn. (15) can be rearranged into the FVM 
implicit-explicit format: 

r⋅ðKrUÞ
|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}

implicit

¼r⋅
�

C :
1
2
�
rUþrUT�

�

þr⋅ðKrUÞ � rpþ ρg
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

explicit

(23)  

n
K’

∂p
∂t
�

1
γw
r⋅ðk⋅rpÞ

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
implicit

¼ �
∂
∂t
ðr⋅UÞ � k

g
⋅ðr⋅gÞ

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
explicit

(24) 

Similarly, the FVM implicit-explicit format for the u � p approxi-
mation model to apply to the wave effect analysis is written as: 

r⋅ðKrUÞ
|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}

implicit

¼r⋅
�

C :
1
2
�
rUþrUT�

�

þr⋅ðKrUÞ � rp � ρ ∂2U
∂t2

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
explicit

(25)  

n
K’

∂p
∂t
�

1
γw
r⋅ðk⋅rpÞ

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
implicit

¼ �
∂
∂t
ðr⋅UÞ �

1
g
r⋅
�

k⋅
∂2U
∂t2

�

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
explicit

(26) 

The iterative procedure for solving the Biot’s models are shown in 
Fig. 1. Equations are solved iteratively until the solution changes less 
than a pre-defined tolerance. As pointed out in the work of Jasak and 
Weller (2000), the finite-volume (FV) discretization to the linear stress 
analysis problem uses small matrices for the three components of 
displacement, rather than using one large matrix that seen in the FEM. In 
this way, the usage of the computer memory can be significantly 
reduced. 

3. The Fvm-based wssi toolbox 

3.1. The solvers 

The present FVM-based toolbox can be applied to soil consolidation 
analysis, WSSI analysis, and liquefaction assessment. An outline of the 
toolbox and an illustration of the systematic analysis procedure is 
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presented in Fig. 2. The present toolbox reads wave pressure data from a 
free-surface solver. There is no restriction on selecting the free-surface 
modeling tools. In the OpenFOAM CFD library, various solvers can be 
adopted, such as interFoam solver in OpenFoam®, toolboxes of wave-
s2Foam (Jacobsen et al., 2012) and iHFoam (Higuera et al., 2013). In the 
present work, the waves2Foam is adopted for modeling the wave gen-
eration and absorption. 

For the soil consolidation analysis, the new solver named bio-
tConsolidationFoam is developed in the present work. It reads the static 
gravitational force from the structure and computes the initial vertical 
effective stress in the soil. In the WSSI analysis, the new solver named 
anisoUpFoam is developed to consider the anisotropic soil property and 
the inertial force of the soil skeleton. For the liquefaction assessment, a 
module is developed to read data from the consolidation analysis and 
the WSSI analysis. Criteria extended from Okusa (1985) and Zen and 
Yamazaki (1990a) are implemented. Since the toolbox is based on the 
poro-elastic soil model, the momentary liquefaction is assessed. 

3.2. Boundary conditions 

3.2.1. Boundary conditions for consolidation analysis 
Boundary conditions for consolidation analysis are presented in 

Fig. 3a. In the consolidation analysis, the static gravitational force from 
the structure � σ0 is read as the boundary condition at the structure- 
seabed interface. In the present case, the static stress at the structure 
bottom is calculated as 

� σ0¼ � ðW � BÞ =A (27)  

where W is the weight of the structure, B is the buoyant force and A is the 
area of the structure-seabed interface. However, for structures with 
more complicated geometry where the stress on the bottom of structure 
is not uniform, the present model allows users to input the non-uniform 
gravity-induced stress/pressure distribution at the structure bottom. 

A Neumann type boundary for the displacement at the structure- 
seabed interface is specified with a traction-displacement relation rU ¼
fðTÞ. The traction T is defined by 

T¼ σ⋅n (28)  

where n is the surface normal vector. The traction-displacement relation 
is expressed as 

T¼
�
μrUþ μðrUÞT þ λItrðrUÞ

�
⋅n (29) 

Therefore, a displacement gradient boundary can be derived from 
Eqn. (29) as 

ðrUÞ ⋅ n¼
T � ½μðrUÞT þ λItrðrUÞ � ðμþ λÞrU�⋅n

ð2μþ λÞ
(30) 

The term ½μðrUÞT þλItrðrUÞ � ðμþλÞrU� on the right-hand side is 
treated explicitly. Iterations are used to compute the compatible 
displacement gradient ðrUÞ with known T. 

At the seabed surface, a zero-traction boundary is specified where 
T ¼ 0. A static water pressure p ¼ ρf ghw is applied on the seabed 
boundary. At the seabed bottom, the pore pressure p has zero normal 
gradient and the displacement is zero. At the seabed lateral sides, the 
pore pressure p has zero normal gradient. A slip boundary is specified at 
the seabed lateral sides for the displacement where the normal 
displacement to the boundary Un is zero. 

3.2.2. Boundary conditions for WSSI analysis 
In the dynamic WSSI analysis, one-way coupling algorithm is 

considered, due to the small magnitudes of wave-induced structure vi-
bration and soil deformation compared to the wavelength. The one-way 
coupling (semi-coupled) method was firstly proposed by Ye et al. 
(2013b). The time-varying data transfer in a single direction at the in-
terfaces, i.e., from waves to the structure, from waves to the seabed and 
from the structure to the seabed. The small structure and seabed motions 
do not alter the wave domain. The dynamic wave pressure pd imposes 
directly on the seabed through the wave-seabed interface and imposed 
indirectly on the seabed through wave-structure and structure-seabed 
interfaces. The schematic one-way coupling procedure for the dy-
namic WSSI analysis and the corresponding boundary conditions are 
presented in Fig. 3b. 

Boundary conditions for wave modeling are specified as follows.  

� The inlet velocity is specified as the input wave velocity u ¼ u0, 
while the outlet velocity is u ¼ 0. The pressure at the inlet and outlet 
has zero normal gradient.  
� At four sides of the numerical wave tank, the pressure has zero 

normal gradient. A slip boundary is set for the velocity at the lateral 
sides where the flow is passing along the walls and the normal flow 
velocity un is zero. 

Fig. 1. Iteration procedure for solving the Biot’s model.  

Fig. 2. An outline of the FVM-based WSSI toolbox.  
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� At the atmosphere, the dynamic wave pressure pd is zero and the 
velocity has zero normal gradient.  
� At the wave-structure interface and the wave-seabed interface, the 

pressure has zero normal gradient. A slip boundary is set for the 
velocity. Bottom boundary layer effect is neglected since it has 
insignificant effect on the dynamic wave pressure results. 

Boundary conditions for structure analysis are specified as follows.  

� At the structure-air interface, the dynamic pressure on the structure 
is zero. The structure displacement Us has zero gradient.  
� At the wave-structure interface, the dynamic pressure ps is read from 

the dynamic wave pressure pd. The structure displacement has zero 
normal gradient. 

Fig. 3. Boundary conditions of consolidation analysis and wave-structure-seabed interaction (WSSI) analysis.  
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� At the structure-seabed interface, the dynamic pressure ps has zero 
normal gradient. The structure displacement is set to zero based on 
the assumption that the structure is rigid and the seabed can provide 
a valid support to the structure. 

Boundary conditions for seabed analysis are specified as follows.  

� At the wave-seabed interface, the soil has zero traction. The 
displacement boundary at the wave-seabed interface is computed via 
the traction-displacement relation. The pore pressure is equal to the 
dynamic wave pressure on the seabed.  
� At the structure-seabed interface, the pore pressure has zero normal 

gradient since the structure is impermeable. The soil displacement at 
the structure-seabed interface is triggered by the structural force, 
while the structural force is wave-induced. The displacement 
boundary at the structure-seabed interface is also computed via the 
traction-displacement relation.  
� At the lateral sides of the seabed, the pore pressure has zero normal 

gradient. The soil skeleton is allowed to slip.  
� At the seabed bottom, the pore pressure has zero normal gradient. 

The soil skeleton has zero displacement. 

For solving the multiphysics WSSI problems, different physical do-
mains can have different demands on the time step and grid size, based 
on the convergence and stability requisitions. For the WSSI problem, the 
time steps and the grid sizes needed for the linear-elastic soil and 
structural domains are relatively larger than what is needed for the 
nonlinear wave domain (Li, 2016). Therefore, it not efficient to calculate 
the multiple domains with the same grid size and to loop at the same 
time step. In the model proposed by Ye et al. (2013b), a larger minimum 
grid size of the soil model than that of the wave model was also used. In 
the present model, time-dependent (time-varying) boundary conditions 
are applied for the data mapping at the interfaces. First, the values at the 
interfaces of the supplied domain are interpolated in space and time. 
Then, the interpolated values are mapped to the targeted domain 
interface with a reversed normal vector. In the present work, linear 
interpolation is applied. The boundary data are first interpolated in 
space for every face center and then interpolated linearly between the 
time instants. 

4. Validation and verification 

4.1. Verification of the FV Biot’s consolidation solver 

The present FV consolidation solver is verified against Terzaghi’s 
classical consolidation test (Terzaghi, 1944; Wang, 2017). In Terzaghi’s 
classical consolidation test, a constant stress � σ0 is applied suddenly on 
the surface z ¼ 0 of a saturated sample of length Ls. Here, z is positive in 
the downward direction. The piston applying the load is permeable so 
that the top boundary is drained. The sample consolidates gradually as 
fluid flows out from the top drain. The setup of the test is shown in Fig. 4. 
The input parameters for the present numerical simulation is presented 
in Table 1. 

The boundary conditions for reproducing the test is specified as 
follows: 

At z ¼ 0, 

σz¼ � σ0; p ¼ 0 (31) 

At z ¼ Ls, 

∂p
∂z
¼ 0; uz ¼ 0 (32) 

At four sides of the column, the boundary condition is defined as 
‘empty’, i.e., the x and y directions are not solved, to achieve a one- 
dimensional problem. 

Wang (2017) provided the non-dimensional analytical solutions for 

Terzaghi’s consolidation theory. Fig. 5a and Fig. 5b show the compari-
son of pore pressure and vertical soil displacement between the present 
numerical results and the analytical solution at certain time instants 
during the consolidation process. The pressure p is normalized by the 
initial undrained response p0 ¼ Υσ0, where Υ denotes the loading effi-
ciency according to Wang (2017). Υ is 0.725 in the present simulation. 
The vertical soil displacement U is normalized by the sample length Ls. 
The time instant t is normalized by L2

s =c where c is the hydraulic diffu-
sivity that governs the time lag. As shown in Fig. 5a, under the constant 
stress, the soil is consolidated along the time. The excess pore pressure is 
dissipated gradually from time instant ct=L2 ¼ 0:01 to 1.0. The present 
numerical results are consistent with the analytical solutions in terms of 
the pore pressure distribution and the vertical soil displacement. 

4.2. Validation of the FV u � p approximation soil solver 

The present FV u � p approximation soil solver is validated against 
the experimental data of Tsai and Lee (1995). Their experiment inves-
tigated the standing waves induced pore pressure in the sand bed in the 
vicinity of a vertical wall. In the work of Li et al. (2018), the same 
experiment was adopted to validate the quasi-static Biot poro-elastic 
solver. The present work reproduces the experiment of Tsai and Lee 
(1995) by using the u � p approximation soil solver. The present nu-
merical results are compared with the experimental data of Tsai and Lee 
(1995) and the numerical results by the quasi-static Biot poro-elastic 
solver in Li et al. (2018). 

The experimental setup by Tsai and Lee (1995) is shown in Fig. 6. 
Waves propagated to the sand bed region in a flume and reflected at a 
vertical smooth wall at the end of the wave flume. In the sand bed, nine 
pore pressure transducers were placed vertically and horizontally below 

Fig. 4. Test setup of Terzaghi’s classical consolidation test.  

Table 1 
Parameter setting in the present numerical simulation for the 
1D Terzaghi’s consolidation test.  

Parameters Values 

Ls (m)  20 
σ0 (kPa)  10 
Permeability k (m/s) 10� 5  

Youngs modulus E (N/m2) 108  

Saturation degree Sr  0.995 
Poisson’s ratio ν 0.25 
Porosity n 0.3  
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and close to the vertical wall, as shown in Fig. 6. Five of the pressure 
transducers were installed vertically below the wall from the sand bed 
surface with 10 cm distance in between. Another four were installed 
horizontally at a depth of 10 cm in the sand with distances of kx ¼
1/10π, 2/10π, 3/10π, 4/10π and 5/10π to the wall, where k is the wave 
number. The sand was in medium firmness and the properties are pre-
sented in Table 2. The present numerical simulation uses the 
second-order Stokes wave theory to model the propagating waves based 
on the given wave properties. The amplitude of pore pressure in the soil 
ps is normalized by the amplitude of the pressure on the sand bed surface 
p0. Fig. 7 shows the comparison of pore pressure in the seabed between 
the present numerical results and the experimental data. They are in 
good agreement. 

The present numerical results of FV u � p model is also compared 
with the numerical results of FV quasi-static model by Li et al. (2018), as 
shown in Fig. 8. It is seen that the present partial dynamic u� p model 
gives slightly higher prediction of the pore pressure than the quasi-static 
model, and is closer to the experimental measurement. The difference 
between quasi-static model and u � p model is not very significant in this 
case (with a maximum difference ratio of 8.6% at the sand bed bottom), 
due to the mild wave condition. Nevertheless, the u� p model shows a 
better prediction than the quasi-static model for this experiment, as 
compared to the experimental measurement. In rough sea or breaking 
wave cases, the difference between two numerical models can be more 
significant due to higher acceleration (Ulker et al., 2009a). Since the 
predicted excess pore pressure by u � p model is higher than the 
quasi-static model, the u � p model is able to provide a more conser-
vative solution for the engineering problems. 

4.3. Validation of the WSSI model 

The present WSSI model including FV u � p approximation soil 

solver coupled with wave generation tool waves2Foam is validated 
against existing experimental data. Qi and Gao (2014) performed a se-
ries of experiments to investigate the local-scour and pore pressure re-
sponses around a large-diameter monopile in combined waves and 
current. In their work, the pore pressure and the time development of 
scour depth around the monopile under the conditions of wave-only, 
current-only and wave-plus-current were measured. However, in the 
paper of Qi and Gao (2014), only the experimental data under 
wave-plus-current and under current-only were presented. The experi-
mental data under wave-only conditions provided by Qi (2018) are 
processed and presented in this work to validate the present WSSI nu-
merical model. The test condition of the wave-only case is given in 
Table 3. The experimental set-up is shown in Fig. 9. Wave elevation data 
measured by three wave gauges are presented, with W1 in the far filed, 
W2 at 20 cm upstream to the pile and W3 at 10 cm upstream to the pile. 
Pore pressure data measured by four pressure gauges at two sides of the 
pile are presented. P1, P2 and P3 are located at the upstream side of the 
pile with 10 cm vertical gap in between. P4 is located at the downstream 
side of the pile. In view of the fact that the pile was installed before the 
sand box was filled in the experiment, the consolidation analysis is not 
required in the numerical reproduction of this experiment. 

Comparisons of wave elevation and pore pressure between the pre-
sent numerical simulation and the experimental data is shown in Fig. 10 
and Fig. 11, respectively. Stokes second-order wave model is adopted for 
simulating the present waves. A good agreement is observed for the 
wave elevation results, with minor discrepancy in the wave trough 
amplitudes. The numerical results of the pore pressure also agree with 
the experimental data in the time series, with an average discrepancy of 
6.9%. The present WSSI model is valid and is applicable to the case 
studies in Section 5. 

Fig. 5. Verification of the consolidation model by comparing the present numerical results (biotConsolidationFoam) to the analytical solutions (Wang, 2017).  

Fig. 6. Experimental setup of Tsai and Lee (1995).  

Table 2 
Physical properties of the wave and soil for model validation (experiment con-
ducted by Tsai and Lee (1995)).  

Wave parameters Soil parameters 

Wave 
height 
H (cm) 

5.1 Permeability k 
(m/s) 

1.2�
10� 4  

Young’s 
modules E 
(N=m2 )  

6.86�
107  

Wave 
period T 
(s) 

1.5 Porosity n 0.38 Shear modulus 
G (N=m2 )  

2.64�
107  

Wave type second- 
order 

Poisson’s ratio 
ν 

0.3 Saturation 
degree Sr  

0.98  
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5. Applications 

5.1. Nonlinear wave-induced soil response 

The present wssi toolbox is applied to investigate the wave-induced 
soil response with and without the presence of the structure. A case 
study of 2D nonlinear wave-induced soil response is performed with 
wave height H ¼ 0.5 m, water depth Hw ¼ 3 m and wave period T ¼ 2 s. 

According to the work of Fenton (1985), the fifth-order Stokes wave 
theory is applied to model the propagating waves considering the wave 
condition. A wave flume of 36-m long is simulated by using the Open-
Foam wave generation tool waves2Foam with inlet and outlet relaxation 
techniques (Jacobsen et al., 2012) to ensure the accuracy and no influ-
ence from the reflected waves. The soil domain is 30-m long and 3-m 
thick. The soil parameters in the Tsai and Lee (1995)’s experiment, as 
shown in Table 2, are adopted with an anisotropic permeability 
consideration of kx ¼ ky ¼ 5kz ¼ 6� 10� 4 m/s. Fig. 12 (a) shows the 
dynamic wave pressure in the numerical wave flume and the pore 
pressure in the sand bed at a time instant of t/T ¼ 15. When waves 
propagating over the and sand bed, a wave crest generates a positive 

Fig. 7. Comparisons of the pore pressure response between measured data by Tsai and Lee (1995) and the numerical results by present FV u� p approximation solver 
(∘ : measured data by Tsai and Lee (1995); –: present numerical results by u � p approximation solver.). 

Fig. 8. Comparisons of the pore pressure at various depths, kx ¼ 0.  

Table 3 
Parameter settings of the wave-pile-soil interaction experiment by Qi and Gao 
(2014).  

Wave parameters 

Wave height H (cm) 5 
Wave period T (s) 1.0 
Water depth hw (m)  0.5 

Seabed parameters 

Seabed thickness ds (m)  0.5 
Young’s modules E (N/m2) 2:6� 107  

Poisson’s ratio ν 0.3 
Permeabilities (m/s) k 1:88� 10� 4  

Saturation factor Sr  0.997 
Porosity n 0.435  
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pore pressure while a wave trough generates a negative pore pressure in 
the sand bed. The horizontal wave velocity field is presented in Fig. 12 
(b) together with the vertical effective stress in the sand bed. The posi-
tive vertical effective stress (tension) results from the wave trough. 
Fig. 13 shows the time series of wave elevation and pore pressure in the 
sand bed. A phase-lag in the pore pressure diffusion is seen from a depth 
of 0–0.2 m in the sand bed. The phase-lag in the present case from sand 
bed surface to a 0.2-m depth is around one-sixth of the wave period. It 
has been proved that a phase lag exists in wave-induced soil response in 
a nearly saturated seabed of finite thickness (Jeng and Hsu, 1996) and 
also a cross-anisotropic seabed of infinite thickness (Jeng, 1998). 

5.2. Wave-structure-seabed interaction modeling for offshore foundations 

The integrated toolbox including the consolidation solver, WSSI 
solvers and the liquefaction module is applied to investigate the soil 
response and momentary liquefaction around offshore gravity-based 
foundations in a steep non-breaking wave condition. Gravity-based 
foundations for offshore wind turbines are normally installed close to 
the shore in a limited water depth. When waves travel into shallower 
water in the coastal areas, they are affected by the ocean bottom. The 
crest becomes higher and waves become steeper (Zhang et al., 2017). 
The gravity-based foundations are often exposed to steep waves while 
the linear wave theory is not applicable. Meanwhile, the gravity-based 
foundations have various designs that can result in different surround-
ing flow patterns and seabed pressure distributions after interacting 
with the incoming waves. The design of the gravity-based foundations 
usually consists of a slab (with a diameter D) and a shaft (with a 
diameter D’ ) on top of it, as shown in Fig. 6. A different ratio of D’=D will 
directly affect the wave diffraction pattern and further affect the dy-
namic wave pressure and seabed response around the slab bottom. In 
this section, a parametric study on wave-structure-seabed interaction 
around gravity-foundations with different D’=D from 0.25 to 0.75 is 
performed. Simplified models of the gravity-based foundations are 
shown in Fig. 14b, while D’=D ¼ 0:25 resembles the diameter ratio of 
Lillgrund foundation in Jeppsson et al. (2008), D’=D ¼ 0:5 resembles the 
diameter ratio of the third generation of GBS concepts in Esteban et al. 
(2015). The slab height of hb ¼ 0:189D is referred to the design of the 
Lillgrund foundation (Jeppsson et al., 2008). The design with D’=D ¼ 1 
tends to be a monopile, which should be inserted into the seabed; 
therefore, it is not considered in the gravity-based circumstance. How-
ever, the D’=D ¼ 1 case is still computed in the present study to give a 
reference of the upper limit in the liquefaction risk assessment. 

The numerical setup of the parametric study is shown in Fig. 14a. 
The entire system is built in a Cartesian coordinate system x; y; z, with 
z ¼ 0 at the static free surface, x positive in the wave propagating di-
rection, y positive toward the back of the tank, z positive upward. The 
width of the wave tank (distance between the sides of the tank) is set to 
be two wavelengths. Wave inlet and outlet relaxation zones (Jacobsen 
et al., 2012) are set to be 1 and 1.5 wave lengths, respectively. Wave 

Fig. 9. Experimental set-up of wave-pile-soil interaction (Qi and Gao, 2014).  

Fig. 10. Comparison of the wave elevation.  

Fig. 11. Comparison of pore pressure around the pile.  
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parameters are set as follows. The wave steepness is H=L ¼ 0:095. The 
relative water depth is hw=L ¼ 0:175 (hw=L � 0:1 is considered as 
shallow water and hw=L � 0:5 is considered as deep water). The water 
depth hw is assumed as 1:75D and the corresponding wave length is L ¼
10D and the wave height is H ¼ 0:95D. Due to high nonlinearity of the 
incoming waves, 5th-order stream function wave theory (Dean, 1965) is 
utilized to model the waves. The structural material is considered as 
concrete with a density of 2400 kg/m3. To examine the effect of D’=D of 
the foundation, the soil condition is kept constant. The seabed thickness 
is ds ¼ 5D. The soil property is referred to the measurement of the North 
sea soil by (Kjekstad and Lunne, 1981), with reasonable anisotropic 
considerations. The numerical parameters are given in Table 4. 

The parametric study begins with the consolidation analysis, in order 
to check the initial vertical effective stress in the soil after the foundation 
is built on the seabed. Then, the WSSI analysis is performed. The wave- 
induced seabed response around the structure is investigated. Finally, 
liquefaction assessment is performed with a comparison of two lique-
faction criteria. Results and discussions are as follows. 

5.2.1. Consolidation 
When the structure is built on the seabed, the gravitational forces 

will induce a gradual dissipation of the excess pore pressure and a 
compression of the soil skeleton. The effective stress distribution in the 
surrounding soil will be significantly changed. According to the 1D 
Terzaghi’s consolidation theory, the time for completing 90% consoli-
dation can be expressed as (Wang, 2017): 

Fig. 12. Numerical model of nonlinear wave-seabed interaction.  

Fig. 13. Time series of wave elevation and the corresponding pore pressure in 
the sand bed. 
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t90¼ Tv
H2

d

cv
(33)  

where Hd is the drainage distance of the layer, Tv ¼ 0:848 is the vertical 
consolidation time factor for 90% consolidation, cv is the consolidation 
coefficient calculated by 

cv¼
2Gkzð1 � νÞ
γwð1 � 2νÞ (34)  

where kz is the vertical permeability and γw is the bulk specific weight of 
the pore water. In the present consolidation analysis, the gravitational 
force of the foundation reduced by the buoyant force is applied on the 
interface between the structure bottom and the seabed. Fig. 15 presents 
the distribution of the vertical effective stresses σ’

z and the vertical soil 
displacement Uz in the soil when the consolidation process is completed. 
A negative value of σ’

z indicates the compression of the soil skeleton. 
During the long-time consolidation, the gravity force from the founda-
tion is gradually transferred to the supporting soil skeleton. It shows that 
below the foundation, the vertical effective stress and soil displacement 
are both amplified compared to those at the far field. Fig. 16 shows the 

vertical effective stress and the vertical displacement on horizontal lines. 
The red curves are the σ’

z0 and Uz at the seabed surface. It is seen that 
after the completion of the consolidation, the vertical effective stress at 
the seabed surface beside the foundation becomes zero. Below the 
structure bottom, the vertical effective stress is a constant of ðW � BÞ=A. 
In a deeper soil, the effective stress (shown as the blue dashed curve in 
Fig. 16a) is higher than that at the seabed surface since the gravity force 
is transferring downward. On the other hand, the vertical soil 
displacement Uz is gradually decreasing in a deeper seabed and the 
maximum deformation is right beneath the center of the structure 
bottom. 

5.2.2. WSSI analysis 
After the consolidation analysis, the steep waves are simulated to 

propagate over the seabed. Fig. 17 presents the wave elevation and the 
dynamic wave pressure on the seabed at locations upstream to the 
foundation with 5D and 1D distance to the foundation center (i.e., x=D ¼
� 5 and x=D ¼ � 1). It is shown that for the foundation with D’=D ¼
0:25, the wave elevation at x=D ¼ � 1 is just slightly higher than that at 
x=D ¼ � 5, so does the dynamic wave pressure on the seabed. With D’=

D ¼ 0:5, the difference is still not significant. When D’=D continuously 
increases to 0.75, both wave crest and wave trough become visibly 
steeper at x=D ¼ � 1 and the wave amplitude increases. Fig. 17 also 
shows the wave elevation and seabed pressure with D’=D ¼ 1, where the 
wave crest becomes sharper and the pressure amplitude at x=D ¼ � 1 is 
apparently higher than that at x=D ¼ � 5. A larger D’=D will apparently 
increase the wave reflection in the near field of the foundation and also 
the wave pressure on the seabed near the foundation slab. When waves 
further approaches the structure, the wave elevation is even more 
increased. However, the initial vertical effective stress in the seabed 
close to the structure will also be very high because of the consolidation 
process, so that the liquefaction may not happen. Thereby, the WSSI 
analysis and following liquefaction analysis focuses on the location with 
a 0:5D distance to the slab surface, e.g. x=D ¼ � 1 in Fig. 17. 

In the present study, the structure is considered as a medium which 
transfers the wave effect to the seabed. Previous studies assumed a 
uniform structural force on the seabed or consider the structure and the 
seabed as the same type of porous media (Ulker et al., 2010; Ye, 2012b; 
Ye et al., 2013a). However, in the present study, the structure and the 
seabed are treated as independent systems. Therefore, the effect of the 
structure as a medium which transfers the wave effect to the seabed can 
be assessed. The wave-induced structural response is solved by a linear 
elastic structure solver to obtain the instantaneous structural stress at 
the structure-seabed interface. The structural shear stress tensor σ at the 
structure bottom is then imposed on the seabed as a time-varying 

Fig. 14. Numerical models of the parametric study.  

Table 4 
Parameter settings of the parametric study of wave-structure-seabed interaction. 
D is the characteristic diameter of the foundation slab with D ¼ 1 in the present 
parametric study.  

Wave parameters 

Water depth hw (m)  1:75D  
Wave height H (m) 0:95D  
Wave length L (s) 10D  
Wave period T (m) 2.6 s for D ¼ 1  
Structure parameters 
Characteristic length D (m) 1 
Bottom slab height hb (m)  0:189D  

Shaft diameter D’ (m)  0.25–0.75D 

Density ρ (kg/m3) 2400 
Young’s modules (N/m2) 2:2� 1010  

Poisson’s ratio 0.2 
Seabed parameters 
Seabed thickness ds (m)  5D  
Young’s modules (N/m2) Ex ¼ 1:2� 107  Ey ¼ 1:2� 107  Ez ¼ 2� 107  

Poisson’s ratios νxy ¼ 0:2  νyz ¼ 0:24  νzx ¼ 0:4  
Permeabilities (m/s) kx ¼ 0:0005  ky ¼ 0:0005  kz ¼ 0:0001  
Saturation factor Sr  0.975 
Porosity n 0.3  
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boundary condition. Fig. 18 and Fig. 19 present the distributions of 
dynamic wave pressure and wave velocity in the wave domain, as well 
as the distributions of vertical effective stress and vertical displacement 
in the soil domain when wave crest is reaching the foundations with D’=

D ¼ 0:5 and 0.75. At this moment, a wave crest with high velocity is 
reaching the upstream side of the foundation, causing high pressure on 
the upstream side of the foundation and low pressure on the downstream 
side of the foundation. The foundation is experiencing a tilting force 
towards its downstream side at this instantaneous moment. To balance 
this tilting force, the foundation is compressing the soil at its down-
stream side and releasing the soil at its upstream side from the 
compression. In the soil, it is seen in Figs. 18a and 19a that the vertical 
effective stress under the structure bottom has opposite signs to its 
surrounding soil. The wave velocity field and the vertical soil displace-
ment are shown in Figs. 18b and 19b. It is seen that the wave crest 
contains the highest wave velocity. When the wave crest is approaching 
to the structure, the soil beneath the downstream side of the foundation 
is compressed with a negative vertical displacement. Meanwhile, the soil 
beneath the upstream side of the foundation is released from the 
compression. On the contrary, when the wave trough approaches the 
foundation, it causes tension force in the seabed upstream to the foun-
dation. A tension force can trigger liquefaction in the soil. However, at 
the same time, the structure experiences a tilting force towards its up-
stream side so that it causes compression force in the upstream nearby 
soil. Therefore, the wave-induced structural stress can have a mitigating 
effect on the momentary liquefaction in the soil very close to the 

foundation bottom. Fig. 19a also shows that with D’=D ¼ 0:75, the effect 
of the wave-induced structural stress on the underneath soil is stronger 
than that with D’=D ¼ 0:5 in Fig. 18a. 

Fig. 20 shows the transient pore pressure and seepage flow in the 
seabed at the time instant of t/T ¼ 9.45. The arrows in the seabed denote 
the vector of the pore pressure gradient, illustrating the seepage flow in 
the physical behavior. It is seen that at this time instant, wave trough is 
passing the foundation. The pressure gradient triggers notable upward 
seepage flows in the vicinity of the foundation. Once the upward 
seepage forces exceed the initial vertical effective stress, the momentary 
liquefaction will occur and influence the safety of the foundation. It is 
also seen that the dynamic waves only affect a certain depth of the 
seabed. The excess pore pressure vanishes in a deeper soil skeleton. 

5.2.3. Liquefaction 
For 1D quasi-static Biot’s model, the criterion based on the excess 

pore pressure and that based on the vertical effective stress should lead 
to the same result (Sumer, 2014b), since the vertical effective stress σ’

z is 
theoretically the same as p � pb due to the force balance in the vertical 
direction. However, for the present 3D partial dynamic Biot’s model 
with inertia force of the soil skeleton, the two criteria will lead to 
different assessment results. Fig. 21 shows the maximum liquefaction 
depths dL in a wave cycle along the x-axis evaluated by 3D liquefaction 
criteria modified from Okusa (1985) and Zen and Yamazaki (1990b) 
(criterion A and B), respectively. The maximum liquefaction depths 
around foundations in different D’=D are compared. It is seen that as D’=

Fig. 15. Soil condition after the completion of the consolidation.  
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D increases from 0.25 to 0.75, the liquefaction risk in terms of the 
maximum liquefaction depth and the liquefaction amplified distance 
near the foundation generally increases. The dashed line is the 
maximum liquefaction depth with D’=D ¼ 1, providing an upper limit 
reference for the present parametric study. In a dimensional case, for a 
gravity-based foundation with a slab diameter D of 19 m and a shaft 
parameter D’ of 9.5 m as an example, the maximum liquefaction depth at 
the given steep wave condition can reach 2.4 m. 

For both criteria A and B, the highest liquefaction risk happens at a 
location of x=D ¼ � 1� 0:25 upstream to the foundation. It is because 
that the liquefaction risk is determined by two factors, i.e., the wave 
effect and the initial vertical effective stress in the soil. As waves prop-
agate to the foundation, the dynamic wave pressure is increasing due to 
the decreasing of the wave velocity when approaching to the founda-
tion, according to the Bernoulli equation. The increase of the wave 
pressure and further the pore pressure gradient in the seabed will cause a 
higher liquefaction risk in the seabed. However, at the same time, the 
initial vertical effective stress in the seabed also increases when 
approaching to the foundation. The increase of the initial vertical 
effective stress will cause a lower liquefaction risk in the seabed. Two 
factors have opposite effect on the liquefaction risk as getting closer to 
the foundation. It is observed in Fig. 21 that the wave effect is dominant 
at x=D ¼ � 1:25 to � 0.75 and the initial vertical effective stress is 
dominant at x=D ¼ � 0:75 to � 0.5. When it is very close to the foun-
dation slab (x=D ¼ �0:5), the initial vertical effective stress due to the 
consolidation is very high so that the liquefaction would not happen 
near the slab surface. At the downstream of the structure, the maximum 
liquefaction depths predicted by criterion A are the same for all D’=D, 
while criterion B gives a higher prediction of maximum liquefaction 
depths with D’=D ¼ 1. 

Fig. 16. Soil condition after the completion of the consolidation along the 
horizontal lines: y=D ¼ 0; z=D ¼ � 1:75 and y=D ¼ 0; z=D ¼ � 2:75. 

Fig. 17. Surface elevation and wave pressure on the seabed at a far-field location and a near-field location to the structure.  
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The maximum liquefaction depths dL around the foundation from 
0 to 360� in a circle with r=D ¼ 1 (i.e., 0.5D to the slab surface) is 
investigated, as shown in Fig. 22. It appears that the upstream side has a 
higher liquefaction depth than the downstream side. It is general found 
that the upstream side of the offshore foundation is more vulnerable to 
the liquefaction risk (also seen in the work of Lin et al. (2017) and Li 
et al. (2018)), therefore needs more protection. Chang and Jeng (2014) 
investigated the liquefaction protection methodology and they sug-
gested to replace the existing layers of the surrounding soil with higher 
permeability materials to reduce the liquefaction risk. In the engineering 
practice, gravity-based structures are usually fitted with skirts to prevent 
the hydraulic process of scour channels penetrating underneath the 
structure, which can also be helpful to prevent the seepage flow pene-
tration and further liquefaction risk around the foundations. Based on 
the parametric study, it is found that the design of a smaller D’= D is able 
to alleviate the liquefaction risk around the foundation in the steep 
coastal waves. 

It appears that criterion A and B provide similar results of maximum 
liquefaction distribution. However, criterion B based on the excess pore 
pressure (modified from Zen and Yamazaki (1990b)) gives relatively 
higher liquefaction risk prediction than criterion A based on the effec-
tive stress (modified from Okusa (1985)). Also, the length of the 
amplified liquefaction zone predicted by criterion B is larger than that 

predicted by criterion A. Criterion B can be a better choice for engi-
neering design since it provides more conservative solution. 

6. Conclusions 

An open-source CFD toolbox for simulating the wave-induced seabed 
response and liquefaction around the marine structures including the 
consolidation analysis, WSSI analysis, and liquefaction assessment has 
been presented in the present work. The whole model is implemented in 
the FVM-based OpenFOAM framework. The coupling between the 
multiphysics is achieved by the data interpolating and mapping via the 
common boundaries. The FV partial dynamic soil model is modified 
from Biot’s consolidation theory accounting for the anisotropic seabed 
properties. 

The present model has been verified and validated against the 
theoretical solution and experimental data. The consolidation solver is 
verified by the analytical solution for the one-dimensional Terzaghi’s 
consolidation test (Terzaghi, 1944; Wang, 2017). The dynamic 
wave-induced seabed response solver is validated against the experi-
mental data of standing wave-induced pore pressure under a vertical 
wall (Tsai and Lee, 1995). The integrated WSSI model is validated 
against the wave data and soil pore pressure data of a wave-pile-soil 
interaction experiment (Qi and Gao, 2014; Qi, 2018). Two case 

Fig. 18. Wave crest approaches the structure with D’=D ¼ 0:5 and generate 
high opposite vertical stress beneath the structure bottom σz (Pa) compared to 
the nearby field. 

Fig. 19. Wave crest approaches the structure with D’=D ¼ 0:75 and generate 
high opposite vertical stress beneath the structure bottom σz (Pa) compared to 
the nearby field. 
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studies have been conducted in the present work in terms of the analysis 
of 2D nonlinear wave-soil interaction and the investigation of 3D 
wave-structure-seabed interaction around gravity-based foundations. 
For the latter case study, a systematic investigation process including 
consolidation analysis, wave-induced seabed response and liquefaction 

assessment has been performed. Two liquefaction criteria based on the 
effective stress and based on the excess pore pressure have been applied 
and compared. It is recommended to use the criteria modified from Zen 
and Yamazaki (1990b) based on the excess pore pressure as it provides 
more conservative solution for evaluating the liquefaction risk around 

Fig. 20. Transient pore pressure and seepage flow at the time of t/T ¼ 9.45.  

Fig. 21. Maximum liquefaction depths in a wave cycle beside the foundation along x-axis. The curves are plotted with sampled points at every x/D ¼ 0.1.  
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the offshore foundations. 
The present model can be applied to the seabed response analysis 

around the marine structures and offshore foundations in various wave 
conditions, providing safety assessment based on the practical assump-
tions. The present toolbox in the FVM-based OpenFOAM framework 
allows structured and unstructured meshing for either simple or com-
plex geometries. The segregated approach and parallelism provide a fast 
and memory-efficient solution to certain coastal and offshore engi-
neering problems. 
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