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Abstract: Wave-induced seabed response around pile foundations affects the seabed 1 

stability, thereby threatening the structure safety, and numerous studies have been 2 

performed to explore the wave-structure-seabed interaction (WSSI) around mono-pile. 3 

However, little attention has been paid to WSSI around pile groups. In the present study, 4 

based on an integrated model, WSSI around three-pile group is numerically examined, 5 

and the effects of wave obliquity, pile diameter, pile spacing and embedment depth are 6 

parametrically explored. In this model, Reynolds-Averaged Navier-Stokes (RANS) 7 

equations with k- turbulence model and Biot’s quasi-static (QS) model for poro-elastic 8 

medium are adopted to govern the wave motion and seabed response, respectively. The 9 

results reveal that the effects of wave obliquity and pile diameter are significant, whereas 10 

the influences of pile spacing and embedment depth are negligible.  11 

 12 

Keywords: Pile group effect; Three-pile group; WSSI; RANS equations; QS Biot’s 13 

model; Oscillatory pore pressure  14 

15 
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1. Introduction 1 

Pile foundations are widely applied in coastal engineering practice (e.g., offshore wind 2 

turbines [1–3], sea bridges [4] and petroleum platforms [5]). Unlike the inland ones, 3 

offshore pile foundations are more vulnerable due to various oceanic loads [6], among 4 

which wave loading may generate excessive pore water pressure in seabed, leading to 5 

seabed liquefaction or shear failure [7], and thereby affecting the structure safety. 6 

There are two mechanism of wave-induced pore pressure in seabed, i.e. the oscillatory 7 

mechanism [8,9] and residual mechanism [10,11]. In most cases, the wave-induced 8 

seabed response is oscillatory, except for some special cases of non-cohesive sediments 9 

with loose to medium density [12,13]. For the wave-induced oscillatory seabed response, 10 

numerous numerical models were established based on the framework of Biot’s theories 11 

for poro-elastic medium [14–16], including the quasi-static (QS) model, partly dynamic 12 

(PD) model and fully dynamic (FD) model. In QS model, the inertia terms of fluid and 13 

soil particles are both ignored, while only that of fluid is neglected in FD model. To 14 

identify the applicability of these three models, Ulker et al. [17] developed a set of 15 

analytical solutions to free seabed response under plane strain condition. Based on their 16 

results, Sumer [18] summarized that for low permeability soil (permeability k = 1×10-5 17 

m/s), no inertia effect exists, and even for a large permeability soil (k = 1×10-2 m/s, gravel 18 

actually), the difference between the results of FD (PD) and QS model is less than 5%. 19 

Therefore, for most engineering problems, the inertia effects can be ignored as revealed 20 

by Cheng and Liu [19], and QS model could be served as a cost-effective tool in 21 

numerical simulation. 22 

In the past decade, numerous numerical studies have been carried out to examine the 23 

wave-induced oscillatory seabed response around mono-pile foundations. Based on 24 

boundary element method (BEM), Lu and Jeng [20] developed a coupled model to study 25 

the linear wave-induced seabed response and mono-pile deformation with seawater 26 

described by Helmholtz equation. Li et al. [21] proposed a three-dimensional (3D) 27 

seabed-pile coupled model using finite element method (FEM) to simulate the wave-28 

induced oscillatory and residual pore pressure response, wherein analytical wave 29 

pressure is applied on seabed surface with Stokes wave theory, and effects of soil 30 
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permeability and pile diameter are parametrically studied. Sui et al. [22] developed 1 

another one-way coupled model to simulate the dynamic oscillatory seabed response 2 

with wave motion described by nonlinear Boussinesq equations, and found that 3 

maximum pile displacement is less than 4×10-6 times the pile radius. Zhang et al. [23] 4 

carried out 3D one-way coupling studies to examine the effect of mono-pile on wave-5 

induced oscillatory seabed response. In their model, RANS equations solved by finite 6 

volume method (FVM) are adopted to govern wave motion and it is revealed that 7 

existence of mono-pile foundation would decrease the seabed response around mono-8 

pile. Then Zhang, based on fully dynamic (FD) Biot’s equations and linear wave theory, 9 

Zhang et al. [24] studied the non-homogenous seabed response around mono-pile. 10 

Recently, Lin et al. [25] developed an integrated 3D model to explore strong nonlinear 11 

wave-induced seabed response around mono-pile with the framework of OpenFOAM, 12 

and parametric study of embedded depth shows that increasing embedded depth 13 

significantly reduces the magnitude of pore pressure along mono-pile foundation. Then 14 

Zhao et al. [26] extended this study to enclose the residual seabed response with the 15 

formulation proposed by Sassa et al. [27]. 16 

However, exploration on wave-induced seabed response around pile-group foundation 17 

commenced relatively later, and is significantly scarce up to date. Sui et al. [28] provided 18 

a preliminary work on the wave-induced seabed response around four-square-pile group 19 

and studied the influence of degree of saturation and permeability on seabed response. 20 

Chang and Jeng [29] further performed a case study to explore the wave-induced seabed 21 

response around high-rising structure foundation of Donghai Offshore Wind Farm, which 22 

is composed of eight inclined steel piles and a concrete cap, and it is demonstrated that 23 

replacing seabed soils around pile foundation with coarser ones offers effective 24 

protection against liquefaction. Recently, Zhang et al. [30] carried out a 3D numerical 25 

simulation to examine the wave-induced seabed response around a four-pile platform 26 

considering structure response. In this study, parametric studies were conducted to 27 

explore the effects of pile diameter and pile insertion ratio on seabed and structure 28 

response. 29 

It is well known that pile group may have numerous configurations, and pile group 30 
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effect on wave-induced seabed response is a primary concern, which involves the pile 1 

diameter, pile spacing, embedment depth, wave obliquity, etc. For purpose of optimizing 2 

pile group configuration, it is vital to explore the effects of these factors on seabed 3 

response.  4 

Due to the diversity of pile group formation, it is unrealistic to carry out study for each 5 

configuration, and it is expedient to study several typical configurations, among which 6 

three-pile group is the simplest and a common type of pile group in offshore practice 7 

[2,31,32]. Numerous studies have been performed to investigate the nearby local scour 8 

development [33–35] and the wave force acting on three-pile groups and the 9 

superstructures [36–38]. However, little attention has been paid to the wave-induced 10 

seabed response around three-pile group.  11 

In the present study, parametric study around three-pile groups will be numerically 12 

conducted to explore the pile group effect on wave-induced seabed response with regard 13 

to wave obliquity, pile diameter, pile spacing and embedment depth. RANS equations 14 

with k turbulence closure are employed to describe the wave-induced fluid motion. 15 

Following the instructions of Sumer [18] as aforementioned, Biot’s QS theory is adopted 16 

to capture the seabed response. The wave and seabed modules are solved by finite 17 

difference method (FDM) and FEM, respectively. 18 

2. Numerical model 19 

The present numerical model is composed of wave sub-model and seabed sub-model, 20 

which are governed by RANS equations and QS (quasi-static) Biot’s equations for poro-21 

elastic medium [14], respectively. In the previous studies, these two sets of governing 22 

equations have been adopted in the examination of wave-induced seabed response 23 

around pile foundations [25,26,29], breakwaters [39], and pipelines [40,41]. The 24 

integration method of these two sub-models will be also demonstrated in this section. 25 

Fig. 1 illustrates the definition of WSSI in the vicinity of three-pile group. Ye and Jeng 26 

[42] suggested that the seabed model length should be at least two times the incident 27 

wavelength to diminish the effect of fixed boundaries in case of free seabed under wave 28 

and current combined loading. In the present model, the model size is set as 4Lw × 2Lw, 29 

where Lw is the incident wavelength. The origin of Cartesian coordinates, O, is located 30 
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at the centre of the pile group on the seabed surface. The wave incident angle, ranges 1 

from 30° to 90°.   2 

[Fig. 1 is here.] 3 

2.1. Wave sub-model 4 

For incompressible fluid motion, mass and momentum conservations are shown as 5 

follows, respectively: 6 

 𝜕
〈𝑢𝑓𝑖〉

𝜕𝑥𝑓𝑖
= 0 ¶(1) 7 

 𝜕𝜌𝑓〈𝑢𝑓𝑖〉

𝜕𝑡
+

𝜕𝜌𝑓〈𝑢𝑓𝑖〉〈𝑢𝑓𝑗〉

𝜕𝑥𝑗
= −

𝜕〈𝑝𝑓〉

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
[𝜇 (

𝜕〈𝑢𝑓𝑖〉

𝜕𝑥𝑗
+

𝜕〈𝑢𝑓𝑗〉

𝜕𝑥𝑖
)] 8 

 + 𝜕

𝜕𝑥𝑗
(−𝜌𝑓〈𝑢𝑓𝑖

′ 𝑢𝑓𝑗
′ 〉) + 𝜌𝑓𝑔𝑖 ¶ (2) 9 

where 〈𝑢𝑓𝑖〉(𝑖 = 1, 2, 3)  is the ensemble mean fluid velocity in x, y and z direction, 10 

respectively; 𝑢𝑓𝑖
′  is the fluctuating velocity; 〈𝑝𝑓〉 is the fluid pressure; is the dynamic 11 

viscous; 𝑥𝑓𝑖 (𝑖 = 1, 2, 3)  is the coordinate x, y and z, respectively; 𝜌𝑓  is the fluid 12 

density; t is the time and 𝑔𝑖 (𝑖 = 1, 2, 3) is the body force in x-, y- and z-direction, 13 

respectively. In the present study, the only body force is gravity, 𝑔 = 9.80665 m/𝑠2. 14 

 The term −𝜌𝑓〈𝑢𝑓𝑖
′ 𝑢𝑓𝑗

′ 〉  in Eq. (2) is the so-called Reynolds stress, which can be 15 

estimated by eddy viscosity model:16 

 −𝜌𝑓〈𝑢𝑓𝑖
′ 𝑢𝑓𝑗

′ 〉 = 𝜇𝑡 [
𝜕〈𝑢𝑓𝑖〉

𝜕𝑥𝑗
+

𝜕〈𝑢𝑓𝑗〉

𝜕𝑥𝑖
] −

2

3
(𝜌𝑓𝑘 + 𝜇𝑡

𝜕〈𝑢𝑖〉

𝜕𝑥𝑖
) 𝛿𝑖𝑗 ¶ (3) 17 

where 𝜇𝑡  is the turbulent viscosity, 𝑘 =
1

2
〈𝑢𝑓𝑖

′ 𝑢𝑓𝑖
′ 〉  is the turbulent kinematic energy 18 

and 𝛿𝑖𝑗 is the Kronecker delta: 19 

 𝛿𝑖𝑗 = {
 1, 𝑖 = 𝑗
 0, 𝑖 ≠ 𝑗

 ¶ (4) 20 

By substituting Eq. (3) into Eq. (2), Eq. (2) could be expressed by 21 

 𝜕𝜌𝑓〈𝑢𝑓𝑖〉

𝜕𝑡
+

𝜕𝜌𝑓〈𝑢𝑓𝑖〉〈𝑢𝑓𝑗〉

𝜕𝑥𝑗
= −

𝜕〈𝑝𝑓+
2

3
𝜌𝑓𝑘〉

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
[𝜇𝑒𝑓𝑓 (

𝜕〈𝑢𝑓𝑖〉

𝜕𝑥𝑗
+

𝜕〈𝑢𝑓𝑗〉

𝜕𝑥𝑖
)] 22 

+𝜌𝑓𝑔𝑖 −
2

3
𝜇𝑡

𝜕

𝜕𝑥𝑗
[
𝜕〈𝑢𝑖〉

𝜕𝑥𝑖
𝛿𝑖𝑗] ¶ (5) 23 

where 𝜇𝑒𝑓𝑓 = 𝜇 + 𝜇𝑡 is the total effective viscosity. 24 
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In order to solve Eq. (1) and Eq. (5), kturbulence model [43] is adopted. Firstly, a 1 

variable called turbulent dissipation rate is introduced into the model: 2 

 휀 =
𝜇

𝜌𝑓
(
𝜕𝑢𝑓𝑖

′

𝜕𝑥𝑘
) (

𝜕𝑢𝑓𝑖
′

𝜕𝑥𝑘
)

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
 ¶ (6) 3 

Hence a connection between 휀 and turbulent kinematic energy k could be established as 4 

 휀 = 𝐶𝐷
𝑘

2
3

𝑙
 ¶ (7) 5 

in which 𝐶𝐷 is a constant, 𝑙 is a length representing the macroscale of turbulence. 6 

Eventually, the kturbulence model is derived as 7 

 𝜕(𝜌𝑓𝑘)

𝜕𝑡
+

𝜕(𝜌𝑓𝑘〈𝑢𝑓𝑖〉)

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝐺𝑘 − 𝜌𝑓휀 ¶ (8) 8 

 𝜕(𝜌𝑓𝜀)

𝜕𝑡
+

𝜕(𝜌𝑓𝜀〈𝑢𝑓𝑖〉)

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝜀
)

𝜕𝜀

𝜕𝑥𝑗
] +

𝐶1𝜀

𝑘
𝐺𝑘 − 𝐶2𝜀𝜌𝑓

𝜀2

𝑘
 ¶ (9) 9 

 𝜇𝑡 =
𝐶𝜇𝜌𝑓𝑘2

𝜀
 ¶ (10) 10 

 𝐺𝑘 = 𝜇𝑡 (
𝜕〈𝑢𝑖〉

𝜕𝑥𝑗
+

𝜕〈𝑢𝑗〉

𝜕𝑥𝑖
)

𝜕〈𝑢𝑖〉

𝜕𝑥𝑗
 ¶ (11) 11 

where the values of constants 𝜎𝑘, 𝜎𝜀 , 𝐶1𝜀 , 𝐶2𝜀 , 𝐶𝜇  are as follows: 𝜎𝑘 = 1.00, 𝜎𝜀 =12 

1.30, 𝐶1𝜀 = 1.44, 𝐶2𝜀 = 1.92, 𝐶𝜇 = 0.09 [44]. 13 

To diminish the wave reflection from the outflow boundary, a sponge layer is adopted 14 

to absorb waves in front of the outlet boundary, in which the Navier-Stokes equation is 15 

modified as 16 

 𝜕�⃑⃑� 

𝜕𝑡
+ �⃑� ∙ 𝛻�⃑� = −

1

𝜌
𝛻𝑝 + 𝛻 ∙ 𝛻(𝜇�⃑� ) − 𝑘𝑑(�⃑� − �⃑� 𝑠𝑡𝑟) ¶ (12) 17 

where −𝑘𝑑(�⃑� − �⃑� 𝑠𝑡𝑟) is the artificial damping force that dissipates the wave motion, kd 18 

is the damping coefficient in units of (time)-1, and �⃑� 𝑠𝑡𝑟  is the background stream 19 

velocity that is exempted from damping. The coefficient kd is estimated by 20 

 𝑘𝑑 = 𝑘𝑑0 + 𝑙𝑑 ∙
𝑘𝑑1−𝑘𝑑0

𝑑𝑠𝑙
 ¶ (13) 21 

in which kd0 and kd1 (𝑘𝑑1 ≥ 𝑘𝑑0) are the values of kd at the starting side of the sponge 22 

layer and the open boundary, respectively. The distance ld is measured from the starting 23 

side of the wave-absorbing layer toward the open boundary. Finally, dsl is the length of 24 

the sponge layer. In the present study, kd0 = 0, kd1 = 1, and ld = dsl = 2Lw, where Lw is the 25 
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incident wavelength. 1 

The free surface elevation is captured using Volume-of-Fluid (VOF) method [45], in 2 

which a function F is defined to characterize the fractional volume water fluid in a cell 3 

 𝜕𝐹

𝜕𝑡
+ 𝑢𝑓𝑖

𝜕𝐹

𝜕𝑥𝑖
= 0 ¶ (14) 4 

where F = 0 indicates that the cell is full of air, and F = 1 means that the cell is full of 5 

water. Otherwise, the piecewise linear interface calculation method is applied to 6 

reconstruct the air water interface [46].  7 

Linear wave is applied at the inlet boundary to generate the incident wave as well as 8 

outflow boundary with Sommerfeld radiation method is applied at the outlet boundary. 9 

At the seafloor, no-slip boundary is employed at the boundary with a zero velocity normal 10 

to the boundary. Specified fluid elevation is applied as the initial condition. 11 

The wave sub-model is realized in FLOW-3D, and is solved by FDM. The whole wave 12 

domain is divided into a series of hexahedron cells in the vicinity of the pile group. All 13 

variables are located at the centers of the cells except for velocities, which are located at 14 

cell-faces. The mesh size is 0.2 m in x- and y-direction, and is 0.12 m in z-direction, as 15 

shown in Fig. 2(a). Total cell number is 7, 850, 040. 16 

[Fig. 2 is here.] 17 

2.2 Seabed sub-model 18 

In line with most previous studies, the seabed soil are assumed to be isotropic 19 

homogeneous with identical permeability in all directions. Hence, the mass conservation 20 

is expressed as 21 

 ∇2𝑝𝑠 −
𝑛𝑠𝛽𝑠𝛾𝑤

𝑘𝑠

𝜕𝑝𝑠

𝜕𝑡
−

𝛾𝑤

𝑘𝑠

𝜕𝜀𝑠

𝜕𝑡
= 0 ¶ (15) 22 

in which ∇2=
𝜕2

𝜕𝑥2 +
𝜕2

𝜕𝑦2 +
𝜕2

𝜕𝑧2 is the Laplace operator, ps is the pore pressure, ns is the 23 

soil porosity, s is the compressibility of pore fluid, w is the unit weight of pore water, 24 

and s is the volume strain. s and s are defined as follows, respectively: 25 

 휀𝑠 =
𝜕𝑢𝑠

𝜕𝑥
+

𝜕𝑣𝑠

𝜕𝑦
+

𝜕𝑤𝑠

𝜕𝑧
 ¶ (16) 26 

 𝛽𝑠 =
1

𝐾𝑤
+

1−𝑆𝑟

𝑃𝑤0
 ¶ (17) 27 

where (us, vs, ws) are the soil displacements in x-, y-, and z-direction respectively, Kw is 28 
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the true elastic modulus of water (taken as 2.0×109 Pa) and keeps as a constant, Sr is the 1 

seabed degree of saturation, and Pw0 is the absolute water pressure. 2 

According to Terzaghi’s principle of effective stress, the total soil stress (𝜎𝑖𝑗 ) is 3 

composed of effective stress (𝜎𝑖𝑗
′ ) and pore pressure (𝑝𝑠) 4 

 𝜎𝑖𝑗 = 𝜎𝑖𝑗
′ + 𝛿𝑖𝑗𝑝𝑠 ¶ (18) 5 

where 𝛿𝑖𝑗 is the Kronecker delta. 6 

Leaving out the body force and inertia terms, the equilibrium conditions could be 7 

expressed as 8 

 𝐺∇2𝑢𝑠 +
𝐺

(1−2𝜈)

𝜕𝜀𝑠

𝜕𝑥
=

𝜕𝑝𝑠

𝜕𝑥
 ¶ (19) 9 

 𝐺∇2𝑣𝑠 +
𝐺

(1−2𝜈)

𝜕𝜀𝑠

𝜕𝑦
=

𝜕𝑝𝑠

𝜕𝑦
 ¶ (20) 10 

 𝐺∇2𝑤𝑠 +
𝐺

(1−2𝜈)

𝜕𝜀𝑠

𝜕𝑧
=

𝜕𝑝𝑠

𝜕𝑧
 ¶ (21) 11 

in x-, y- and z-direction, respectively, in which G is the shear modulus and ν is the 12 

Poisson’s ratio. 13 

In the present study, the poro-elastic constitutive relationship is applied to describe the 14 

seabed soil behavior. Hence, the effective normal stresses and shear stresses can be 15 

expressed in terms of soil displacements as 16 

 𝜎𝑥
′ = 2𝐺 [

𝜕𝑢𝑠

𝜕𝑥
+

𝜈𝜀𝑆

1−2𝜈
], 𝜏𝑥𝑦 = 𝜏𝑦𝑥 = 𝐺 [

𝜕𝑢𝑠

𝜕𝑦
+

𝜕𝑣𝑠

𝜕𝑥
] ¶ (22) 17 

 𝜎𝑦
′ = 2𝐺 [

𝜕𝑣𝑠

𝜕𝑥
+

𝜈𝜀𝑆

1−2𝜈
], 𝜏𝑦𝑧 = 𝜏𝑧𝑦 = 𝐺 [

𝜕𝑣𝑠

𝜕𝑧
+

𝜕𝑤𝑠

𝜕𝑦
] ¶ (23) 18 

 𝜎𝑧
′ = 2𝐺 [

𝜕𝑤𝑠

𝜕𝑧
+

𝜈𝜀𝑆

1−2𝜈
], 𝜏𝑧𝑥 = 𝜏𝑥𝑧 = 𝐺 [

𝜕𝑤𝑠

𝜕𝑥
+

𝜕𝑢𝑠

𝜕𝑧
] ¶ (24) 19 

Equations (15), (19-24) with appropriate boundary conditions, are capable of 20 

determining the wave-induced pore pressure, displacements and effective stresses in a 21 

porous seabed. 22 

Wave-induced pressure (pwv) is calculated from the wave sub-model: 23 

 𝑝𝑤𝑣 = 𝑝𝑓 − 𝛾𝑤𝑑𝑤 ¶ (25) 24 

where dw is the water depth. Then wave pressure is applied on seabed surface to exert 25 

wave loading: 26 

 𝑝𝑠 = 𝑝𝑤𝑣 ¶ (26) 27 
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The four lateral sides and seabed bottom are set as impermeable fixed boundaries: 1 

 𝑢𝑠 = 𝑣𝑠 = 𝑤𝑠 =
𝜕𝑝𝑠

𝜕𝒏
=0 ¶ (27) 2 

where n denotes the normal vector of the boundaries. In the present study, the three piles 3 

are considered to be impermeable rigid bodies. Therefore, the interfaces between three 4 

piles and seabed are impermeable boundaries: 5 

 𝜕𝑝𝑠

𝜕𝒏
=0 ¶ (28) 6 

The seabed sub-model is established in COMSOL Multiphysics and is solved with 7 

FEM. The seabed domain is discretised into 90653 tetrahedral elements with refined 8 

mesh in the vicinity of three piles for configuration of θ = 30°, as shown in Fig. 2(b). The 9 

element size is 0.334-4.6 m with maximum element growth rate 1.4, the curvature factor 10 

is 0.4, and the resolution of narrow regions is 0.7. For the other configurations, the 11 

amount of element is slightly different. 12 

2.3. Integration process of sub-models 13 

As have been pointed out by Sui et al. [47], the movement of pile is very small. Hence, 14 

it has little effect on wave propagation, and correspondingly this study adopts the so-15 

called one-way coupling method [23] to integrate the wave sub-model and seabed sub-16 

model. At each time step, FDM is employed to solve the RANS equations in wave sub-17 

model and to capture the wave pressure acting on seabed. Then the wave pressure is 18 

introduced into the seabed sub-model to apply the wave loading on seabed, as shown in 19 

Eq. (26). Finally, FEM is employed to solve the Biot’s QS equations in the seabed sub-20 

model with boundary conditions mentioned above, and seabed response including 21 

oscillatory pore pressure and momentary seabed liquefaction is obtained. 22 

3. Model validation 23 

The wave sub-model and seabed sub-model will be validated against available 24 

experiment data in the literature, respectively.  25 

3.1. Wave sub-model validation 26 

The wave sub-model is validated against experiment data of Zang et al. [3], which 27 

have been used to validate the wave sub-model of Lin et al. [25] built in OpenFOAM. In 28 

the experiment, a mono-pile with a diameter of 0.25 m is set in a wave flume of 35 m × 29 

25 m. The mono-pile is 7.52 m from the wave paddle with a water depth of dw = 0.505 30 



 11 / 45 
 

m, more details could be found in Zang et al. [3] and Chen et al. [48]. Two types of 1 

incident wave are used in the experiment, among which the incident wave of 1.22 s period 2 

and 0.14 m wave height is used in the present study to validate the wave sub-model. 3 

Fig. 3 displays the simulated time series of free surface elevation at two positions 4 

against the experiment data. Wave gauge 1 and 2 are located 0.77 m from the wave paddle 5 

and 0.002 m in front of the mono-pile along the centreline, respectively. It is shown that 6 

at both locations, the simulated free surface elevation reaches a good agreement with the 7 

experiment data. This demonstrates that the present model has the capacity to simulate 8 

the behaviour of wave-structure interaction. 9 

[Fig. 3 is here.] 10 

3.2. Seabed sub-model validation 11 

The seabed sub-model is validated against the experiment data of Tsui and Helfrich 12 

[49] and Liu et al. [50].  13 

In the experiment of Tsui and Helfrich [49], a concrete wave tank (24.7 m×0.6 m×14 

0.92 m) was employed with a bottom-fixed wave paddle and a flared section. The wave 15 

paddle top could oscillate to create 25.4 mm-89 mm high wave of 07-4.5 sec period. A 16 

box of 1.7 m×0.61 m is filled with Chattahoochee sand and located 13 m from the wave 17 

generator and its height is variable to enable simulation of various seabed depth. Pore 18 

pressure variation in the sand was measured using two pressure transducers. The 19 

experiment data of this study have been adopted to verify existing numerical models such 20 

as Sui et al. [22] and Zhang et al. [51] with appropriate values assigned to corresponding 21 

seabed parameters. Fig. 4 shows the vertical distribution of simulated pore pressure 22 

against the measured data. It is shown that the present model reaches a good agreement 23 

with the experiment data. 24 

[Fig. 4 is here.] 25 

Liu et al. [50] conducted a series of one-dimensional (1D) experiments to monitor 26 

wave-induced excessive pore pressure in sandy deposits. In the experiment, a cylindrical 27 

soil model facility of 205 mm inner diameter and 1.8 m height is installed with 0.2 m 28 

water above it. Cyclic air pressure is applied on the water to provide the wave pressure 29 

with a rubber airbag. Fig. 5 displays the time series of wave-induced pore pressure at two 30 
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depths against the experiment results. It is observed that the seabed sub-model presents 1 

an excellent agreement with the experiment. 2 

[Fig. 5 is here.] 3 

The above validation demonstrates that the seabed sub-model has the capacity for 4 

simulating seabed response under wave loading. 5 

4. Results and discussion 6 

The effects of wave obliquity, pile diameter, pile spacing and embedment depth will 7 

be explored in this section. Zhang et al. [23] have concluded that the existence of mono-8 

pile would increase the wave-induced pore pressure around pile foundation, and would 9 

alleviate the seabed liquefaction around mono-pile foundation. In the present study, the 10 

existence of the pile group would likewise generate effect on seabed. However, the effect 11 

of the piles cannot be simply superposed due to the interaction between three piles via 12 

water wave and seabed soil. 13 

The pile group effect influences the seabed response between three piles. Due to the 14 

simultaneous effect of side-by-side interaction and blockage of the front pile(s) on the 15 

lee-side, the pile group effect between the three piles (e.g., location O in Fig. 1) should 16 

be the most significant. Therefore, wave pressure and seabed response between three 17 

piles are supposed to serve as probes to examine the pile group effect. In the present 18 

study, the wave pressure and seabed response at location O are displayed in the following 19 

parametric studies (Subsection 4.2-4.5). 20 

In this section, the wave pressure (pwv) is the difference of total hydraulic pressure (pf) 21 

and hydrostatic pressure (𝛾𝑤𝑑𝑤), as defined in Eq. (25). The seabed response presented 22 

(i.e. pore pressure ps, vertical effective stress 𝜎𝑧
′ and shear stress 𝜏𝑥𝑧) in this section 23 

corresponds to the wave pressure pwv.  24 

The input data of the present study are tabulated in Table 1. 25 

[Table 1 is here.] 26 

4.1. Basic features of WSSI around three-pile group 27 

In the present study, the configuration of wave incident angle  = 30° is taken as the 28 

standard case with a pile diameter D = 2 m, and the pile spacing d = 3D = 6 m. In this 29 

subsection, some basic characteristics of WSSI around three piles will be firstly 30 
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presented. The wave loading gives rise to seabed response, thereby would be presented 1 

first, followed by the results of seabed response. 2 

Fig. 6 shows the time series of wave pressure (pwv) in the vicinity of three piles, 3 

including the frontal side of the upstream pile (Location A), the lateral sides of three piles 4 

(Locations B and E), region between three piles (Location O) and the lee side of the 5 

downstream piles (Location F). It is seen that, during the propagation, the amplitude of 6 

wave pressure moderates along the centrelines of the piles (ACO, DF). Besides, 7 

magnitude of wave pressure at the lateral sides of the upstream pile (B) is greater than 8 

the downstream piles (E), but both are smaller than wave pressure along the centrelines 9 

(ACO and DF, respectively). This implies that wave energy dissipates during propagation 10 

due to fluid-structure interaction, and the pile group renders significant effect on wave 11 

motion. It is also shown that the magnitude of negative wave pressure at O tends to be 12 

the largest. With respect to oscillatory seabed response, it is well-recognized that, under 13 

the wave troughs, pore water pressure generates an uplift force on the soil grains in the 14 

vertical direction[18]. Thus, it could be inferred that, with the simultaneous effect of the 15 

blockage from the upstream pile and the side-by-side effect of the downstream piles, the 16 

zones between three piles suffers the most severe threat of liquefaction.  17 

[Fig. 6 is here.] 18 

The seabed response, mainly pore pressure (ps), soil displacements (us, ws),vertical 19 

effective stress (𝜎𝑧
′) and shear stress 𝜏𝑥𝑧, are widely studied in previous studies on WSSI 20 

[52–54] due to their significant effects on seabed stability. Fig. 7 displays the spatial 21 

distribution of ps, us, ws, 𝜎𝑧
′ and 𝜏𝑥𝑧 on x-z plane (y = 0) when wave pressure at location 22 

O reaches its minimum (t/T = 6.250). It is shown that, the magnitudes of ps and 𝜎𝑧
′ is 23 

significantly larger than that of 𝜏𝑥𝑧. The magnitude of horizontal displacement (us) is 24 

quite smaller than that of the vertical displacement, and both are less than 2 mm. The 25 

maximum vertical displacement (ws) takes place at the seabed surface, whereas the 26 

maximum horizontal displacement (us) occurs inside the seabed. It is known that a mild 27 

vertical pore pressure gradient (∂𝑝𝑠 ∂z⁄ ) in shallow seabed depth provides an effective 28 

resistance to wave-induced liquefaction. In Fig. 7(a), it is clearly shown that pore 29 

pressure moderates rapidly with increase of seabed depth. This indicates that liquefaction 30 
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might occur with high-energy wave loading.  1 

[Fig. 7 is here.] 2 

Fig. 8 illustrates the vertical distribution of wave-induced pore pressure (ps), effective 3 

normal stresses (𝜎𝑥
′ , 𝜎𝑦

′ , 𝜎𝑧
′) and shear stresses (𝜏𝑥𝑦, 𝜏𝑥𝑧, 𝜏𝑦𝑧) at location O when t/T = 4 

6.250. It is shown that the magnitude of pore pressure decreases dramatically near the 5 

seabed surface (𝑧/ℎ ≤ 0.05), and almost keeps as zero in the deep soil depth (𝑧/ℎ ≥6 

0.6). The effective normal stresses presents a different trend, i.e. increasing first and then 7 

decreasing in the shallow soil range (z/h < 0.1). It is shown that the shear stress 𝜏𝑥𝑧 have 8 

a similar feature, however with a rather smaller magnitude. Specially, the magnitudes of 9 

𝜏𝑥𝑦, 𝜏𝑦𝑧 almost keep as zero throughout the whole seabed depth. This indicates that the 10 

seabed undergoes shear deformation merely in x-z plane in line with the propagation 11 

direction of wave train. Besides, it is noted that the magnitude of 𝜎𝑧
′ is the largest among 12 

the effective normal stresses. Hence, in the following parametric studies, the results of 13 

ps, 𝜎𝑧
′, and 𝜏𝑥𝑧 are presented. 14 

[Fig. 8 is here.] 15 

4.2. Effect of wave obliquity 16 

Wave obliquity determines the magnitudes of blockage influence of the upstream pile 17 

on the downstream piles and the side-by-side interference, and both effects would vanish 18 

when pile spacing reaches a critical value. When incident angle of water wave, θ (see 19 

Fig. 1), alters from 30°, 60° to 90°, the pile group configuration shifts correspondingly 20 

as shown in Fig. 10. When θ = 30°, there are one pile upstream and two piles downstream. 21 

When θ = 60°, there are two piles on a line in the direction of wave propagation and the 22 

third pile at the lateral side. When θ = 90°, there are two piles upstream and one pile 23 

downstream.  24 

Fig. 9 displays the time series of wave pressure at O with various wave obliquities. It 25 

is shown that, with θ increasing from 30° to 90°, the magnitude of positive wave pressure 26 

increases while the magnitude of negative wave pressure (suction) decreases. This 27 

indicates that the wave obliquity plays an important role. When θ shifts from 30° to 90°, 28 

the blockage effect of the upstream pile(s) on location O decreases, meanwhile the wave 29 

reflection from the downstream pile(s) increases. Hence, it could be concluded that 30 
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stronger blockage effect leads to higher magnitude of negative wave pressure, and 1 

meanwhile the increasing wave reflection from the downstream pile(s) could enlarge the 2 

magnitude of positive wave pressure. 3 

 [Fig. 9 is here.] 4 

The wave pressure (pwv) acting on the seabed surface is shown in Fig. 10 when wave 5 

pressure at O reaches its minimum. It can be observed that the alteration of wave 6 

obliquity changes the spatial distribution of wave pressure in the proximity of three piles. 7 

The amplitude of wave pressure moderates with the wave propagation. At the lee side of 8 

the pile group, the significant change of wave pressure distribution could be observed 9 

due to the wave-structure interaction. In the vicinity of three piles, it could be seen that 10 

the minimum wave pressure is located between the three piles when θ = 30°, 60°, and is 11 

located in front of the pile group when θ = 90°. This indicates that, under the action of 12 

blockage effect, the region between three piles endures the most severe threat of seabed 13 

liquefaction.   14 

 [Fig. 10 is here.] 15 

Wave obliquity should influence seabed response as it affects the wave loading. Fig. 16 

11 displays the vertical distribution of wave-induced pore pressure (ps), vertical normal 17 

effective stress (𝜎𝑧
′) and shear stress 𝜏𝑥𝑧 under wave trough (location O) for various 18 

wave incident angle (θ). It is seen that with the increase of θ, ps, 𝜎𝑧
′ and 𝜏𝑥𝑧 decreases 19 

in whole seabed depth. It is noted that the decrement of ps is quite smaller than those of 20 

𝜎𝑧
′  and 𝜏𝑥𝑧 . It is well known that the seabed liquefaction may take place when the 21 

excessive pore pressure overcomes the mean initial effective stresses. Meanwhile,  22 

shear failure would occur when the wave-induced shear stress exceeds the shear 23 

resistance of the seabed [7]. Thus, the influence of wave obliquity might have more 24 

significant impact on seabed anti-shear stability in comparison with anti-liquefaction 25 

stability.  26 

[Fig. 11 is here.] 27 

4.3. Effect of pile diameter 28 

In this subsection, the effect of pile diameter (D) will be examined in case of wave 29 

obliquity angle θ = 30°). The pile spacing (d) (see Fig. 1) equals to and changes with pile 30 
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diameter (D), i.e. d = D. 1 

Variation of pile diameter (D) alters the flow regime around three piles. When D 2 

increases, the blockage effect of three piles on wave propagation grows and leads to 3 

higher magnitude of wave pressure (pwv) on seabed, as shown in Fig. 12, in which 𝑘 =4 

2𝜋 𝐿𝑤⁄  is the wave number. It can be also observed that increase of pile diameter (kD) 5 

gives rise to phase lag of wave pressure cycling. This indicates that the increase of pile 6 

diameter delays the wave propagation due to the elongation of diffraction path around 7 

the upstream pile. Besides, the magnitude of negative wave pressure is enlarged when 8 

kD increases from 0.6 to 0.9, and however decreases when kD increases from 0.9 to 1.2. 9 

This indicates that, when kD increases, the blockage effect of the upstream pile grows, 10 

however the side-by-side effect of the downstream piles is weakened as the pile spacing 11 

increases (d/D).  12 

[Fig. 12 is here.] 13 

Fig. 13 presents the spatial distribution wave pressure on seabed when pore pressure 14 

at location O reaches its maximum. It can be seen that, with increasing of pile diameter 15 

(kD), the distribution of wave pressure is disturbed not only at the lee-side of the pile 16 

group, but also in front of the pile group due to the growing effect of wave reflection 17 

with the increase of pile diameter. In the whole domain, the increase of pile diameter 18 

leads to the increase of minimum wave pressure (from -4.83kPa, -5.51kPa to -6.35 kPa). 19 

When kD = 0.6, 0.9, the minimum wave pressure is located between three piles. However, 20 

when kD = 1.2, its location is shifted to the forthcoming wave trough in front of the pile 21 

group. 22 

[Fig. 13 is here.] 23 

Fig. 14 illustrates the minimum wave-induced pore pressure (ps), effective normal 24 

stress 𝜎𝑧
′ and shear stress 𝜏𝑥𝑧 in seabed for various pile diameter (kD). It is shown that 25 

the seabed response changes due to the variation of wave loading with the increase of 26 

pile diameter. It is also observed that the variation of pore pressure (ps) is less than those 27 

of the effective stress 𝜎𝑧
′ and the shear stress 𝜏𝑥𝑧. 28 

[Fig. 14 is here.] 29 

4.4. Effect of pile spacing 30 
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Pile spacing influences the interaction of diffracted wave from the upstream pile(s) 1 

and reflected wave from the downstream pile(s), leading to wave pressure variation on 2 

seabed. As a matter of fact, the pile group effect would be diminished when pile spacing 3 

increases to a critical value. However, when pile spacing is relatively small, they could 4 

be treated as a mono-pile, as have been pointed out by Sumer and Fredsøe [55]. In this 5 

subsection, the pile spacing used are d = 5 m, 6 m, and 7 m, which are 2.5, 3.0, and 3.5 6 

times of pile diameter (D = 2 m), respectively. 7 

Fig. 15 depicts the time series of wave pressure (pwv) at point O for various pile spacing 8 

(d/D). It is shown that increasing the pile spacing leads to slight phase lag and negligible 9 

decrease of crest value of wave pressure, while the trough value almost remains a 10 

constant. Hence, it could be deduced that when pile spacing 𝑑/𝐷 ≥ 2.5, the influence 11 

of pile spacing on seabed response could be neglected. This indicates that the effect of 12 

pile spacing is insignificant as the pile spacing is usually greater than 2.5D in offshore 13 

engineering to overcome the overturning moment of the lateral loadings (wind, wave, 14 

current, etc.). 15 

[Fig. 15 is here.] 16 

Fig. 16 shows the wave pressure distribution on seabed surface when wave pressure 17 

at location O reaches its minimum for various pile spacing. It can be observed that 18 

increase of pile spacing hardly alters the spatial distribution of wave pressure, however 19 

affecting the magnitude of wave pressure around pile group. When pile spacing d = 2.5D 20 

= 5 m (Fig. 16a), the minimum wave pressure is -4.85 kPa, and is located before the pile 21 

group rather than O. When pile spacing extends to 3D (Fig. 16b), the magnitude of 22 

minimum wave pressure declines to -4.83 kPa. When further extending d to 3.5D (Fig. 23 

16c), the magnitude of minimum wave pressure decreases to -4.67 kPa.  24 

[Fig. 16 is here.] 25 

Fig. 17 displays the vertical distribution of wave-induced pore pressure (ps), effective 26 

normal stress 𝜎𝑧
′ and shear stress 𝜏𝑥𝑧 at O under wave trough. It is shown that, with the 27 

variation of pile spacing, ps, 𝜎𝑧
′, and 𝜏𝑥𝑧 almost remained the same except for the drop 28 

down of 𝜏𝑥𝑧 when d/D increase from 3.0 to 3.5. Generally, the result of seabed response 29 

corresponds to the variation of wave loading. 30 



 18 / 45 
 

 [Fig. 17 is here.] 1 

4.5. Effect of embedment depth 2 

The variation of embedment depth (de) of pile foundations may not affect the wave-3 

structure interaction when embedment depth fulfils the requirement of bearing capacity. 4 

However, it will alter the soil-structure boundary and lead to variation of seabed response. 5 

The soils between three piles are restricted and the horizontal transmission of pore 6 

pressure would be blocked, which might lead to higher pore pressure. However, the pore 7 

pressure below the embed depth could be freely transmitted in the horizontal plane. 8 

Hence, the wave-induced seabed response might be changed. 9 

Fig. 18 illustrates the wave-induced pore pressure ps, effective normal stress 𝜎𝑧
′ and 10 

shear stress 𝜏𝑥𝑧 at location O when magnitude of negative wave-pressure at O reaches 11 

its maximum for various embedment depth (de/h, h is the seabed thickness). It is seen 12 

that, with the variation of embedment depth, the seabed response almost keeps 13 

unchanged above the pile tip. Under the pile tip, there is a slight difference between the 14 

cases of partially penetrated pile group and the fully penetrated pile group. As matter of 15 

fact, the embedment depth of a pile foundation should be at least several times the pile 16 

diameter to provide bearing capacity for upper structure, and hence the influence of 17 

embedment depth on seabed liquefaction around three piles should be negligible. 18 

[Fig. 18 is here.] 19 

5. Conclusion 20 

This paper parametrically studied the pile group effect on wave-induced seabed 21 

response with a 3D numerical model. Three-pile group is adopted to explore the effects 22 

of wave obliquity, pile diameter, pile spacing, and embedment depth, respectively. The 23 

main conclusions can be drawn as follows: 24 

1. Magnitudes of wave pressure and seabed response moderate with wave propagation 25 

due to wave interaction with three-pile group. The simultaneous effect of side-by-26 

side interaction and blockage effect tends to generate a larger magnitude of negative 27 

wave pressure on seabed between the three piles, which would further create a 28 

severe risk of seabed liquefaction. The wave-induced shear response is in the 29 

vertical plane of wave propagation (x-z plane in this study). 30 
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2. Wave obliquity affects the wave pressure and seabed response between three piles. 1 

The alteration of wave obliquity angle from 30° to 90° attenuates the blockage effect 2 

of upstream pile(s) on the region between piles, leading to increases of negative 3 

wave pressure and seabed response between three piles. 4 

3. Increase of pile diameter tends to aggravate the blockage effect on wave propagation. 5 

Increasing pile diameter causes larger magnitude of negative wave pressure in front 6 

of the pile group, and elongates the diffraction path around three piles, which leads 7 

to stronger depletion of wave energy and generates wave phase lag. With the 8 

increase of pile diameter, the magnitude of negative wave pressure and 9 

corresponding seabed response amid the piles increase first then decline. 10 

4. Effects of pile spacing and embedment depth are insignificant in practice. With the 11 

increase of pile spacing, the minimum wave pressure and corresponding seabed 12 

response around pile group decrease slightly. With the decrease of pile embedment 13 

depth, merely a negligible variation of seabed response under the pile tip occurs.   14 
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List of tables 1 

Table 1 Input data of the present study. 2 

Sub module Parameter  Notation Value Unit 

Wave Period T 4 s 

 Wave height H 2 m 

 Wavelength Lw 20.9 m 

 Water depth dw 4 m 

 Incident angle  30°, 60°, 90°  

Seabed Seabed thickness h 20.9 m 

 Seabed length L 83.4 m  

 Seabed width B 41.7 m 

 Permeability ks 1×10-4 (Coarse sand) m/s 

 Degree of saturation Sr 0.98  

 Porosity ns 0.3  

 Poisson’s ratio v 0.4  

 Shear modulus G 107 Pa 

Pile Pile diameter D 2, 3, 4 m 

 Pile spacing d 5, 6, 7 m 

 Embedment depth de 5.2 (0.25h) 

10.4 (0.5h) 

15.6 (0.75h) 

20.9 (h) 

m 

 3 

  4 
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 1 
Fig. 1. Definition of WSSI around three-pile group. 2 
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 1 
Fig. 2. Illustration of mesh size of the integrated model. 2 
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 1 
Fig. 3. Time series of free surface elevation against experiment data of Zang et al. [3]. 2 

(a) Wave gauge 1, 0.77 m from the inlet; (b) Wave gauge 2, 0.002 m in front of the 3 

mono-pile surface along the centerline. 4 

  5 
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 1 
Fig. 4. Vertical distribution of pore pressure against experiment data of Tsui and 2 

Helfrich [49]. Symbols denote the experiment data, and lines denotes the numerical 3 

results. 4 
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 1 
Fig. 5. Time series of pore pressure at various depth against experiment data of Liu et 2 

al. [50]. 3 
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 1 
Fig. 6. Time series of wave pressure at typical locations around three-pile group. 2 
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 1 
Fig. 7. Pore pressure, soil displacements and soil stresses on x-z plane (y=0) when t/T 2 

= 6.250. 3 

  4 

(b) us [m]

L=4Lw

h=Lw

x

z

O

(c) ws [m]

L=4Lw

h=Lw

x

z

O

(d) sz
 

 [Pa]

L=4Lw

h=Lw

x

z

O

(a) ps [Pa]

L=4Lw

h=Lw

x

z

O

(e) txz [Pa]

L=4Lw

h=Lw

x

z

O



 35 / 45 
 

 1 
Fig. 8. Seabed response at location O when pore pressure reaches its minimum. 2 
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 1 
Fig. 9. Comparison of wave pressure at O for various wave obliquity. 2 
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 1 
Fig. 10. Wave pressure around three piles when wave pressure at O reaches its 2 

minimum for various wave obliquities. 3 
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 1 
Fig. 11. Wave-induced normalized minimum pore pressure and vertical effective stress 2 

at O for various wave obliquity  3 
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 1 
Fig. 12. Comparison of wave pressure at O for various pile diameter. 2 
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 1 
Fig. 13. Wave pressure around three piles when wave pressure at O reaches its 2 

minimum for various pile diameters. 3 
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 1 
Fig. 14. Wave-induced normalized minimum pore pressure and vertical effective stress 2 

at O for various pile diameters.  3 
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 1 
Fig. 15. Comparison of wave pressure at O for various pile spacing. 2 
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 1 
Fig. 16. Wave pressure around three piles when wave pressure at O reaches its 2 

minimum for various pile spacing. 3 
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 1 
Fig. 17. Wave-induced normalized minimum pore pressure and vertical effective stress 2 

at O for various pile spacing. 3 
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 1 

 2 
Fig. 18. Wave-induced normalized minimum pore pressure and vertical effective stress 3 

at O for various embedment depth. 4 
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