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Abstract
In this paper, preliminary study is conducted on oscillatory wave-induced seabed response around three configuration 
cases of pile support foundations applying a 3-dimensional integrated numerical model to study and comparatively 
analyzed them. In the past, numerous studies have been conducted into exploring the wave-seabed-structure interac-
tion (WSSI) mostly around monopile. However, attention on other pile support structure foundations is minimal. In this 
present study, Reynolds-Average Navier–Stokes equations with k-turbulence closure as well as Biot’s poroelastic theory 
are employed to govern the wave motion and porous seabed foundation respectively. The present numerical model is 
compared with available physical experimental data to determine its capability of simulating the WSSI around pile struc-
tures. Results analysis indicate that the impact of wave forces and wave pressure on the gravity-based support foundation 
is relatively higher than that of the monopile and tripod support pile due to the large peripheral area it occupied. Result 
of the momentary wave-induced liquefaction depth for the three configuration cases of pile structures at the upstream 
side in the seabed foundation shows that the tripod support pile has higher tendency resistance against wave-induced 
liquefaction, which may perhaps be due to the additional legs.

Keywords 3-Dimensional · Wave-induced seabed response · Gravity-based pile · Monopile · Tripod support pile

1 Introduction

In 2009, 81% of the global energy production source was 
made up of fossil fuel. According to the synthesis report 
from the International Panel on Climate Change (IPCC) 
[1], the burning of fossil fuels has resulted in the warmest 
temperature conditions in last 35 years period between 
1983 and 2018, which globally has significantly impacted 
on climatic conditions. Further, the report recommends 
that a greater portion of energy should be derived from a 
renewable low carbon source by 2050 to completely phase 
out fossil fuel by 2100. The ocean covers close to 71% of 
the earth surface and one of the largest reservoir of low 
carbon renewable energy. Ocean renewable energy can 
be utilized in five forms, which include tide, underwater 

current, temperature differences, ocean surface wave and 
wind conditions [2]. It worth noting, extracting energy 
from these sources requires deep-water construction.

In the past two decades, there has been intensive 
development of offshore engineering around the globe 
in search of alternative power source, most especially off-
shore wind turbines [3, 4]. However, the immense marine 
constructions have attracted interest from coastal engi-
neers, geotechnical experts, and scientific researchers in 
the discipline of offshore engineering to examine the WSSI 
phenomenon. One fundamental reason for the upward 
interest is that these offshore installations have been dam-
aged by the wave-induced dynamic seabed response in 
the surrounding structure, rather than from construction 
causes [5–7]. An example is the reported case by [8, 9] on 
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the failure of the pile foundation which was due to wave-
induced soil movement of the south pass “70” oil platform 
in Mississippi.

To date, different types of offshore wind turbine founda-
tions (or support structures) have been constructed and 
this could be observed by their underwater configura-
tion as shown by Miceh [10] in Fig. 1. The monopile is the 
most often used foundation in the wind farm turbines in 
offshore regions due to their easy deployment in shallow 
to medium ocean water depth. The monopile structure 
foundation is well adapted to site with water depth rang-
ing from 0 to 30 m. The gravity-based support structure 
foundation is a simple type foundation with larger coning 
diameter base. The gravity-based support pile relies on the 
coning base for support as the name implies, vertical pres-
sure from the structure is imposed to the vicinity below 
the substructure stand, and also the seabed supports the 
structure and resists it from overturning. The gravity-based 
foundation is well suited for soil with homogeneous char-
acteristics. They are mostly used in shallow water depth 
ranging between 0 and 20 m. The gravity-based support 
structure foundation is usually considered expensive to 
construct in comparison with other support pile structure 
foundation. The tripod pile support structure foundation is 
considered to be hybrid of the monopile foundation and 
the three-legged lattice/jacket pile structure foundation. 
This type of pile structure foundation is well suited for 
deeper waters, the pile is mostly driven from 10 to 35 m 
into the seabed foundation. The main advantages of the 
tripod support structure foundation are that, they are 
applicable to all type of soil and also minimum ground 
preparation is required at the site before installation. The 
tripod support pile has the capability to resist scouring 
and liquefaction.

Numerous studies in the past have been carried out 
either to investigate the scour development [11–13] or the 
wave force impacting on these types of pile support and 
the superstructure [14]. However, not much consideration 
has been given to the oscillatory wave-induced seabed 
response around these structures. In most recent time, 

the numerous investigation on 3-dimensional numerical 
studies on wave-induced response around pile structures 
has focused most of their attention around the monopile 
structure [15–21]. However, some few studies have carried 
out on gravity-based support structure [22–25].

Notwithstanding, most of these 3-dimensional studies 
on momentary wave-induced seabed response around 
pile structure foundations have followed the traditional 
manner of using the finite volume method (FVM) or the 
finite differential method (FDM) for the wave domain and 
the finite element method (FEM) for the solid domain 
(soil and structure) proposed by Ye et al. [26]. In which 
their study investigated a 3-dimensional one-way cou-
pled model for the WSSI around the submerged break-
water. Lin et al. [20], employed the integrated FVM which 
integrates both the wave model and Biot’s poro-elastic 
model to examine the oscillatory wave-induced seabed 
in the vicinity of the monopile foundation. However, the 
monopile foundation was understood to be inelastic and 
its response was not determined. Sui et al. [19] estab-
lished a 3-dimensional integrated numerical model for 
the momentary wave-induced soil response around the 
monopile foundation. In their studies, the momentary 
wave-induced dynamic response of the porous seabed, 
structural dynamics of the monopile and their interaction 
were all determined. However, the interaction between 
the nonlinear wave and pile had a considerable impact 
on the porous seabed response. Zhao et al. [21] exten-
sively carried out an investigation into a 3-dimensional 
integrated numerical model around a monopile founda-
tion based on the RANS equations for the wave and Biot’s 
consolidation equation for oscillatory seabed response as 
well as residual seabed response formulated by Sassa et al. 
[27]. Their results reveal that the analyses of seabed soil 
consolidation response in the presence of marine structure 
are essential for the liquefaction analysis. Most recently, 
Li et al. [22] employed an integrated numerical model to 
examine the oscillatory wave-induced seabed response 
and momentary wave-induced-liquefaction occurrence 
around offshore hexagonal gravity-based anisotropic soil 
foundation. The results from their studies investigated that 
the effect of anisotropic permeability for medium seabed 
sand should be considered when modeling. The above-
aforementioned studies were all concentrated towards an 
investigation into the monopile foundation structure or 
gravity-based support structure.

In this present study, comparative analyses are estab-
lished to investigate the wave impact force, wave pres-
sure and water elevation around three different types of 
pile structure foundations. Studies are also carried out 
on the pore pressure distribution and the momentary 
wave-induced liquefaction for the three different types of 
pile support structures. The RANS equations and the k-ɛ 

Fig. 1  Sketch of types of wind turbine foundations under the water 
observation
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turbulence closure model are employed to characterize 
the wave-induced fluid motion, whereas the Biot’s poro-
elastic theory is adopted to capture the seabed response.

2  Theoretical model

In this section, the governing equations and the boundary 
conditions used to establish the 3-dimensional integrated 
wave and seabed computational sub-models are pre-
sented. The wave sub-model is based on the FDM solved 
equation in Flow 3D framework, while the COMSOL Mul-
tiphysics [28] software was used to establish the seabed 
sub-model, which the FEM solved-equation is assigned 
as the governing equation. Numerous studies in the past 
have employed these set of equations in the investigation 
of the WSSI around offshore pipelines [29, 30] breakwater 
structures [31, 32] and offshore pile structures [20, 21].

2.1  Governing equation

2.1.1  Wave sub‑model

The wave motion around the inelastic pile structure is 
determined by applying the RANS equations by Hsu and 
Liu [33]. Equations (1) and (2) are used to solve the fluid 
motion while the k − ɛ turbulence closure model in Eqs. (3) 
and (4) are applied on the turbulence effect in the flow 
medium. The RANS equations and k - ɛ turbulence equa-
tions are expressed as follows:

RANS equations

with uzi  =   [the flow velocity]; xi, xj   =   [the Cartesian 
coordinate for the 3-dimensioanl flow]; ρz =  [density of 
fluid];Ps  =  [pore water pressure]; and gi  =  [gravitational 
force  =  9.81 m/s]. The turbulence effect of k - ɛ closure 
model is obtained according to Rodi [34] and is denoted 
as;
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where k = [turbulent kinetic energy]; v = [kinematic vis-
cosity frequency] and σzij= [fluid stress tensor defined as 
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coefficient C1� ≈ 1.44,C2� ≈ 1.92, �� ≈ 1.3, and �k ≈ 1.0 
respectively. For Eddy viscosity vt

= CD(
k2

�
 ), where CD is 

the constant Drag coefficient, relies on the strain rate as 
well as the gradient of velocity. The exchange relationship 
between the total stress �zij in Eq. (2) and k − ɛ is expressed 
as;

where δij is known as a Kronecker delta function.

2.1.2  Seabed sub‑model

In this study, the seabed sub-model is characterized by 
homologous/uniform relative sand particle properties with 
permeability in all directions. Biot’s poro-elastic theory [35] 
is assigned to describe the seabed sub-model foundation. 
The equation governing the force balance can be written 
according to Jeng [36];
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with Pw  =  [absolute static water pressure]; Sr  =  [degree of 
saturation]; and Kwx  =  [elasticity modulus of fluid, which 
is taken as 2 ∗ 109N∕m2 according to Yamamoto et al. [37]. 
The relationship of stress–strain for the force equilibrium 
in the soil are denoted as:

with Gsx =  [shear modulus of soil] and μs =  [Poisson’s ratio].
In the present study, the poro-elastic natural behavior 

of the seabed is applied to describe the sub-model. Hence 
the effective normal stresses and shear stresses can be 
expressed in terms of soil displacement as:

2.2  Geometry

In this paper, the solid support structures are developed in 
Solidworks, which is a Computer-Aided Design (CAD) soft-
ware program for solid modeling. Figure 2a show is a tripod 
support structure created with a diameter thickness of 2.8 m 
and cylindrical height of 49 m for the main pile. The tripod 
consists of three foundation pile legs with a height of 23 m 
and a diameter of 1.0 m, which act as axially loaded. Fig-
ure 2b presents a monopile support structure with working 
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platform conditions of diameter thickness of 2.8 m and 
cylindrical height of 49 m from apex to the base of the pile. 
Besides from the tripod and monopile support structures, 
Fig. 2c presents the gravity-based support pile with working 
platform conditions of diameter thickness of 2.8 m and 49 m 
for the cylindrical height from the cone base to the top. The 
base is shaped in the cone-like form with a radius of 10 m, 
this serves as gravity support for the structure.

The computational domain comprises of constraint 
channel in which the pile foundation is placed. Figure 3 
shows a snapshot of the whole computation domain with 
the pile structure established at the rock-bottom of the 
domain. The pile structure is positioned at a distance of 
100 m behind the boundary of the flow inlet and at the 
center point of the two side walls. The total stretch of the 
computational domain is 400 m with a vertical and hori-
zontal distance of the domain taken as 40 m × 40 m respec-
tively, to help mitigate reflection from the side walls.

2.3  Mesh generation

In this study, the fluid surface meshing is created with the 
volume mesh. In the pile foundation vicinity, the volume 
mesh is sub-divided into regular hexahedron cell. Fig-
ure 3 illustrates the volume mesh of the wave sub-model 
domain, which consists of a prism layer around the pile 
structure. The prism layer is at 90° to the surface of the 
pile structure. Refine mesh are created around the surface 
of the structure in order to improve the exactness in the 
calculation. Table 1 shows the average size of each pile 
turbine structure in the wave fluid domain in which the 
total mesh number of the three configuration cases of the 
pile structures are listed.

In the case of the seabed sub-model, the surface is dis-
cretized using tetrahedral mesh elements, Fig. 4 shows the 
seabed sub-model with tetrahedral mesh elements which 
are automatically generated by the COMSOL Multiphysics 
[28] software. Around the area proximity to the pile struc-
tures, refine mesh is used to ensure computational accu-
racy. The minimum to maximum mesh element size used 
in the computation is 1.0 m–10 m. A value of 1.4 is used 
for the maximum growth element, with 0.4 for the curva-
ture factor and 0.7 for the resolution of narrow regions. 
Table 2 shows the mean size of each turbine pile founda-
tion, which the total mesh number for the three cases of 
pile structures are listed.

2.4  Numerical setup and boundary conditions

Figure 5 depicts the cross-section of the 3-dimensional 
wave and seabed sub-model of the WSSI around a pile 
structure foundation. The wave model shows the positions 
above the mud line surface and comprises of the wave and 
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pile structure whereas the seabed sub-model indicates the 
position underneath the mud line. Which consists of the 
porous seabed and the embedded pile structure. However, 

in the case of the gravity-based support pile, the pile foun-
dation is seated on the surface of the seabed foundation 
as shown in Fig. 4c. The sectional plane size of the model 

Fig. 2  Schematic diagrams of wind turbine foundations a gravity-based support pile, b monopile and c tripod support pile

Fig. 3  Snapshot of the mesh 
outline setup of the fluid 
domain and the pile founda-
tion
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computational is (L + 2Ls) × 2B/2, where L is the model 
seabed length, Ls is the incident wavelength and B is the 
model breadth. In Fig. 5 Cartesian coordinate “O” is set as 
the wave inlet on the mud line surface for the integrated 
numerical model. The propagating wave direction for the 
computation domain is expressed by x-, y- and, z-axes. D∅ 
represents the diameter of the pile structure in the seabed, 
Dh is the embedded depth of the pile structure, and h is 
the thickness of the porous seabed.

To adequately solve the value problem for the bound-
ary in the WSSI around the pile foundations. The following 
boundary conditions are firstly established

At the seabed-structure boundary, since the pile struc-
ture is inelastic and rigid, the normal gradient in relation 
to pore water pressure (ps) is considered zero.

(21)
�ps

�n
= 0

At the plane surface between the soil and the structure, 
which is mostly known as a no-slip boundary, there is no 
relative displacement between the soils with respect to 
the pile structure.

where the subscript “so” = [soil] and “st” = [structure].
However, the total stress equilibrium conditions are 

specified as;

The normal structure stress is imposed by the ocean 
waves at the wave-structure boundary, at the same time 
moment shear stress is considered to be negligible.

(22)uso = ust

(23)�st = ��
so

�st = �so

(24)�st = −Pw �st = 0

Table 1  The mesh information for the fluid domain

Foundation types x y z Total mesh

Monopile 0.2 0.2 0.12 400, 105, 80
Gravity-based pile 0.2 0.2 0.10 400, 110, 80
Tripod support pile 0.2 0.2 0.12 400, 105, 80

Fig. 4  Snapshot of mesh sizes 
of the integrated model for the 
three pile support founda-
tions a monopile foundation b 
tripod support pile foundation 
c gravity-based support pile 
foundation

Table 2  The mesh information for the seabed foundation

Foundation types Domain ele-
ment size

Boundary 
element

Edge element

Monopile 18,005 2328 334
Gravity-based pile 20,809 3568 344
Tripod support pile 27,308 3020 634
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At the surface of the seabed, the vertical effective stress 
and shear stress of the soil disappears whereas the pore 
water pressure is equivalent to the wave-induced dynamic 
response.

At the underlying bottom and lateral boundary condi-
tion of the seabed foundation, the materials used at both 
sections are assumed to be impenetrable.

At the outlet boundary of the fluid model, a sponge 
layer [38] is installed used to sponge up the wave reflec-
tion whereas at the inlet domain waves are generated 
from the wave-maker.

2.5  Numerical scheme

Sui et al. [39] pointed out that, a very small movement of 
the pile structure has little or no effect on the wave prop-
agation. In this study, the proposed model comprises of 
both wave and seabed computational models. The wave 
motion is continuously solved using the FDM employed by 
the RANS equations. Thus at any period, the wave pressure 
is captured as dynamic wave loading thus to be applied 
on the seabed.

The wave and seabed computational sub-models 
are both integrated by applying the one-way coupling 
method. The captures dynamic wave loading from the 
wave motion is introduced into the seabed computa-
tional model as indicated in Eq. (25). Finally, the FEM in 
the COMSOL Multiphysics is employed to solve the Biot’s 
poro-elastic equations in the seabed computational model 

(25)ps = pw ��
so
= 0 �so = 0

(26)us = vs = ws =
�ps

�n
= 0 at z = 0

with the stated boundary conditions, hence the seabed 
response including oscillatory pore pressure is obtained.

3  Model verification

In this section, the wave computational model is verified 
against a physical experimental data conducted by Zang 
et al. [3] on a circular tube-shaped pile. Meanwhile, the 
seabed sub-model is verified against results from a physi-
cal experiment conducted by Huang et al. [40] at Hohai 
University Laboratory Center of College of Coastal, Harbor 
and Offshore Engineering, China.

3.1  Verification with Zang et al. (2010)’s physical 
experiment on wave motion with monopile

The present wave-sub-model is verified against a pub-
lished laboratory physical experiment result from Zang 
et al. [3]. A number of experiments were carried out on a 
circular tube-shaped solid pile with diameter D∅ = 0.25 m 
in a wave flume with dimension 35 m × 25 m. The circular 
pile was set at 7.5 m farther away from the wave-maker. 
Table 3 indicates the input data parameter for the wave-
flume experiment on the cylindrical pile.

Fig. 5  Schematic diagram of 
wave-seabed-structure interac-
tion of the pile structure. a Plan 
view b section view

Table 3  Input data for 
verification case for wave–pile 
interaction Zang et al. [3]

Parameter Values

Wave height (H) 0.14 m
Wave period (T) 1.22 s
Water depth (d) 0.505 m
Diameter (D∅) 0.25 m
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Figure 6 illustrates the verification between the simu-
lated model and laboratory experiment results for the 
free surface elevation for wave gauge 1 and wave gauge 
2. The results from the simulated model and the labora-
tory experiment depict a good agreement for the wave 
gauge 1. However, for wave gauge 2, the simulated and 
laboratory experimental results for the free surface ele-
vation indicated a small sudden change at the upmost 
part. This change can be pointed to the close proximity 
of the wave gauge meter to the cylindrical pile struc-
ture. However, the overall comparison outcome shows 
that the present wave model has the capability to simu-
late wave-pile structure interaction.

3.2  Comparison with Huang et al. (2017)’s physical 
experiment on the seabed

Huang et al. [40] conducted a series of physical experi-
ment on the pile-soil dynamic response within a wave-
flume on a fine porous sand seabed at Hohai University 
Laboratory Center of College of Coastal, Harbor and Off-
shore Engineering, China. The purpose of the experiment 
was to study the behavior of the dynamic response on the 
pile-soil interaction, the displacement of the projected top 
pile during wave action, the strain of the pile body during 
wave action and the changes in excess static pore water 
pressure within the seabed. Figure 7 depicts the layout 

Fig. 6  Verification of simu-
lated model results against 
experimental data of wave-pile 
interaction by Zang et al. [3]

Fig. 7  Layout for wave flume 
experimental test
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for the experiment within the wave-flume. The scale of 
the wave flume measurement applied in this physical 
model experiment is 50 m long × 1 m wide × 1.3 m high 
according to the suggested experiment from Tzang and 
Ou [41]. In order to ensure the depth of the pile, a grove 
of 35 cm thick and 2 m wide is arranged as shown in the 
figure. Table 4 indicates the physical parameters for the 
experiment. In the experiment, a glass tube with an elastic 
modulus of 3.19 Gpa was used as the monopile structure. 

Three pore water pressure transducers/sensors were 
mounted to record the excess pore water pressure in the 
sandy seabed. The pore pressure transducers were buried 
at three different depth (i.e. Z = 5 cm, 15 cm, and 25 cm) 
below the mud line.

Figure 8 shows the comparisons of the simulated model 
results with the physical laboratory results carried out 
within the wave flume. As illustrated in Fig. 8, the highest 
excess pore water pressure recorded occurred at Z = 5 cm 
with a magnitude of 40 kPa. The reason being its close-
ness to the seabed surface. This also explained the reason 
why the oscillatory wave-induced response decreases 
with depth. Figure 8, shows the comparison of both model 
results depicting a good agreement between them.

4  Results and discussion

The purpose of this research is to investigate the interac-
tion between the wave-porous seabed and three different 
pile support foundations. As shown in Fig. 5, the present 
numerical model is scaled to field conditions to investigate 
the responses of the porous seabed and the pile support 
piles under 3-dimensional wave loading action impact.

Table 4  Input data parameter for the physical experiment on the 
wave-flume

Sub-model Parameter Value

Pile parameter Pile diameter (D∅) 0.03 m
Pile length (L) 1 m
Pile burial depth (Dh) 0.3 m

Wave parameter Wave height (H) 0.10 m
Water depth (d) 0.3 m
Wave period (T) 1 s

Sand parameter Permeability (Ks) 1.8 × 10−3 m/s
Porosity (ns) 0.3
Particle size (d50) 0.334 m
Degree of saturation (Sr) 0.98

Fig. 8  Comparisons of 
simulated results against the 
wave-flume results for change 
in excess pore water pressure 
for the various depths
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In this section, studies are conducted to investigate 
the hydrodynamic process involve in the wave-structure 
foundation, which has been well identified to affect the 
propagating wave in the surrounding foundation [36, 
42], wave pressure around the pile support structures, 
the wave force and its distribution on the pile structures. 
The parameter for the investigation study is tabulated in 
Table 5.

4.1  Free surface elevation

Figure 9 illustrates a comparative analysis between free 
surface elevation around the three configuration cases of 
the pile support foundations for three different locations, 
these are the upstream side (location A), the lateral edge 
(location B) and the downstream side (location C). It can be 
observed that the free surface elevation at these locations 
for the three different types of support piles foundation 
presented a noticeable difference. At the upstream side 
of the pile foundation (location A), the magnitude of the 
free surface elevation on the monopile support structure is 
seen to be relatively the same with the gravity-based and 
the tripod support pile structure. However, at location B 
and location C, the magnitude of the tripod support pile 
and the gravity-based pile is noticeably larger with higher 
peak value. The reason is due to the fact that, at location 
A, reflection from the pile is minimized by the additional 
legs of tripod support pile and coning based support for 
the gravity pile, which act as a blockage effect on the wave 
reflection. However, at location B and location C, the addi-
tional legs of the tripod pile structure and base support of 
the gravity-based pile increase the peak variation of the 

wave propagation. The highest magnitude observed for 
all the pile support foundation structures is noticed at the 
upstream side, that is in front of the pile surface, whereas 
the smaller wave magnitude is observed at the lee-side at 
location C due to the strong effect of the blockage from 
the pile structures at that location. It can be therefore sum-
marized that free surface elevation around the three types 
of pile support structures differs from each other due to 
their orientation.

4.2  Wave pressure

Figure 10 demonstrates the comparative time series of 
wave pressure in the environs of the three different types 
of the pile support structures at upstream (location A), lat-
eral (Location B) as well as the downstream (location C). It 
is noticed that during propagation the amplitude of wave 
pressure towards the pile support foundation at location 
A, is moderate and almost the same. Bedside, the magni-
tude of wave pressure at the upstream (i.e. location A) for 
the three different cases of the pile support foundation is 
higher than the downstream (location C). This indication 
shows the reason why wave energy dissipates during wave 
propagation as a result of fluid- pile structure interaction, 
also the pile support foundation significantly influences 
the wave motion. It is also shown that at the lateral side 
(location B) and the lee-side (location C) of the seabed 
foundation, the gravity-based, and the tripod support 
pile is observed to have the highest wave pressure ampli-
tude and largest magnitude. The fact of the matter is that 
the additional support legs of the tripod support pile and 
the coning base foundation of gravity-based pile greatly 
induced the wave pressure thereby compelling it to gener-
ate higher wave pressure than that of the monopile.

4.3  Wave force

In the process of investigating the WSSI problem, it is 
important to accurately model the wave force on the struc-
ture and subsequently on the seabed. Figure 11 illustrates 
the comparison between the time history series curve of 
the longitudinal wave load impacting on the three con-
figuration cases of pile support structures. The outcome 
of maximum wave load from the results occurred at the 
gravity-based support structure followed by the tripod 
and the monopile support structure. The main reason for 
this is attributable to the large surface occupied by the 
gravity-based pile as compared to the other pile support 
structures.

Figure 12 shows the vertical distribution of the dynamic 
wave force acting on the three configuration cases of pile 
support structures at the upstream side (location A). An 
investigation has established that the magnitude of the 

Table 5  Numerical model input parameter

Sub-model Parameter Value

Pile characteristics Pile diameter (D∅) 1.4 m
Pile length (Lp) 49 m
Pile burial depth (Dh) 21 m
Young’s modulus (Ep) 7.9 × 1011 N/m2

Poisson’s ratio (μp) 0.25
Wave characteristics Wave height (H) 6.5 m

Water depth (d) 24 m
Wave period (T) 8 s

Seabed characteristics Permeability (Ks) 1.0 × 10−3 m/s
Porosity (ns) 0.44
Degree of Saturation (Sr) 0.98
Young’s modulus (Es) 2.0 × 107 N/m2

Poisson’s ratio (μs) 0.33
Seabed thickness (h) 40 m
Seabed width (B) 40 m
Seabed length (L) 200 m
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wave impact force is correlated with the wave run-up and 
run-down of the wave on the pile support structures. The 
maximum free surface run-up and run-down happens 
when the maximum wave crest and wave trough slap 
against the piles support structures surface at t = 31 s and 
t = 34s respectively where a most significant force impact 
on the pile surface is generated. The wave force distribu-
tion diagram in Fig. 12 can also be comparatively observed 
that the wave impact force on the gravity-based pile is 
higher than the tripod and monopile support structures.

4.4  Dynamic pore pressure and liquefaction 
around the support pile structures

In the WSSI study, wave-induced pore pressure in seabed 
foundation plays a major concern to coastal engineers 
and geotechnical researchers. Many research has carried 

out an investigation on it to examine offshore structures 
such as breakwater [26, 32, 43–45], submarine pipe 
structures [46–48] as well as pile structures [19, 21, 49]. 
In principle, excessive pore pressure in the poro-seabed 
foundation has the tendency to diminish the effective 
stresses in the solid seabed soil and further induced to 
liquefaction, which may affect the support of the off-
shore structure. In this section, the oscillatory wave-
induced pore pressure and seabed liquefaction depth 
around the three configuration cases of the pile support 
foundations will be analyzed. In this present study, the 
three different types of pile structures are assumed to 
be rigid impenetrable bodies and the influence of vibra-
tion on the solid seabed foundation is not considered. 
Readers can refer to Fattah et al. [50] for further studies 
on pile vibration.

Fig. 9  Comparison of time 
series of free surface elevation 
for different types of pile struc-
tures at three typical locations
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Fig. 10  Comparison of time 
series of wave pressure on the 
seabed surface for different 
types of pile structures at three 
typical locations

Fig. 11  Comparisons of wave 
impact forces exerted on the 
three different types of pile 
support structures
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4.4.1  Wave‑induced pore pressure

Figures 13 and 14 demonstrate the distribution of oscilla-
tory wave-induced pore pressure (ps) around three differ-
ent types of pile support structures on the xyz plane at a 
two typical time interval t = 31s when the wave crest just 

slaps against the top part of the pile structure and t = 34s , 
when the wave trough slaps against the top part of the 
pile structure. The figure clearly depicts that the magni-
tude of wave-induced pore pressure attenuates dramati-
cally near the seabed depth and almost equal to zero in 
soil depth. It can be observed that the pore pressure (ps) 

Fig. 12  Distribution of wave-
impact force on the three 
configuration cases of pile 
structures at different periods. 
Note black line for gravity-
based pile, dash blue for a 
tripod pile, and dash-dot red 
line for monopile
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in the seabed in the xyz plane is significantly induced in 
front of the pile structure within a seabed depth of 40 m, 
indicating that the seabed in front of the pile structures 
requires adequate attention in engineering practices due 
to its proneness to liquefaction. As shown from the figure, 
when the wave crest slaps against the head of the pile 
structure the oscillatory wave-induced pore pressure on 
the plane increased with an amplitude of 100 kPa, 110 kPa, 
and 120 kPa for the monopile, tripod support, and the 
gravity-based support pile respectively.

To dealt insight into the momentary wave-induced pore 
pressure around the pile structures Fig. 15 is employed to 

show the vertical pore pressure distribution at locations A, 
B, and C. These three locations are close and around the 
pile structures. In this subsection, comparatively analysis 
on vertical distribution pore pressure on seabed response 
at a various location for the configuration of the three dif-
ferent types of pile support structures is examined.

As illustrated in Fig. 15 the amplitude variation of pore 
pressure considerably decreases against the seabed depth 
when |z| < 2.4 m for all three locations and remained con-
stant in the soil depth. This indicates that the wave impact 
on seabed response is deeply concentrated in the scope 
of the shallow seabed surface. As shown from Fig. 14, the 

Fig. 13  Snapshot of wave-
induced pore pressure distri-
bution around a Monopile b 
tripod pile and c gravity-based 
pile at t = 31 s, when the wave 
crest collapses into the pile 
structure
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pore pressure in location A, B and C reaches their maxi-
mum when t/T = 6.2. When the pore pressure at location 
A, reaches its maximum pore pressure at t/T = 6.2, the com-
parison between these three configuration cases of pile 
support piles shows that the magnitude of the pore pres-
sure distribution profile indicates almost the same varia-
tion. This may perhaps be due to reflection from the piles. 
At locations, B and C the maximum pore pressure distribu-
tion for the three configuration cases of pile support piles 
shows that the magnitude variation of pore pressure from 
the gravity-based support pile and tripod support pile is 

significantly larger than that of the monopile. This is due to 
the blocking effect exhibited from both the gravity-based 
foundation and the additional legs from the tripod pile.

4.4.2  Wave‑induced seabed liquefaction

The increase of excess pore pressure underneath the 
wave propagation decreases the effective stresses in 
the seabed foundation which leads to seabed liquefac-
tion around the pile structure and its consequent effect 
result in erected pile structure collapsing. Wave-induced 

Fig. 14  Snapshot of wave-
induced pore pressure distri-
bution around a monopile b 
tripod pile and c gravity-based 
pile at t = 34 s, when the wave 
trough collapses into the pile 
structure
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liquefaction is a great concern in offshore engineering 
practices. Accurate forecast of liquefaction zones in the 
surrounding of pile foundation can help engineers revise 
design plans and enhance the reliability of the structure. 
In this study, the proposed criteria work of Jeng [36, 51] 
is applied to characterize the wave-induced liquefaction 
zones around the three different types of pile founda-
tions, which is expressed as:

where ko =  [coefficient of lateral earth pressure at rest], 
�s   =   [the unit weight of sand particles]; �w   =   [the unit 
weight of water]; ps =  [wave-induced pore pressure with 
the seabed]; pb  =   [dynamic wave pressure];�′

x
 , �′

y
 , 

�′
z
  =  [mean effective stresses induced by waves on seabed 

in the xyz-direction].
Equation (27) simply means that seabed liquefaction 

can happen when the overburden soil pressure is less 
than excess pore pressure. The solid soil only reaches a 
liquefied status only when at any given depth the sea-
bed foundation value becomes zero or negative. In this 
section, a comparison of wave-induced liquefaction 
potential will be carried out to estimate the liquefied 

(27)−
1

3

(
�s − �w

)(
1 + 2ko

)
z +

1

3
(��

x
+ ��

y
+ ��

z
) ≤ ps − pb

depth for three configuration cases of pile foundations 
in agreement with the wave and seabed parameter tabu-
lated in Table 5.

Figure 16 illustrates a comparison of the wave-induced 
liquefaction depth variation at the upstream side of the 
seabed for the three configuration cases of the pile struc-
tures when t/T = 6.8. It is clearly observed that the maxi-
mum wave-induced liquefaction of z = 2.2m within the 

Fig. 15  Comparison of wave-
induced pore pressure for 
three configuration cases of 
pile support piles at various 
locations

Fig. 16  Potential liquefaction depth at front side of the three con-
figuration cases of pile structures
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seabed surface foundation occurred around the large 
diameter coning base of the gravity-based foundation. 
As one can see from the figure, the tripod support pile 
appeared to have the minimum potential liquefaction 
depth of 1.7 m, which may perhaps be due to additional 
legs joined up to the main pile.

Figure 17 illustrates a snapshot of the contour profile 
of liquefaction depth around the monopile and gravity-
based support pile at t/T = 6.8 when wave trough slaps 
with these piles. The liquefaction depth around the pile 
is uniform in the x–y direction. The liquefaction range 
in the x-axis and y-axis are 80 m to 120 m and 10 m to 
40 m respectively. As shown from the illustrated figure 
the potential liquefaction around both the monopile and 
gravity-based support pile are with different varying diam-
eter base from D∅ = 2.8 m and D∅ = 20 m respectively. 
From the observation increasing the pile base diameter 
influence the wave force acting on the surface and hence 
result in wave-induced liquefaction. As seen from the fig-
ure the most sensitive location to wave-induced liquefac-
tion appeared upstream (i.e. location A) of the pile struc-
ture. This is due to the increased pore pressure build-up 
at that location.

5  Conclusions

This study proposed a comparatively numerical analysis 
scheme to explore WSSI around three configuration cases 
of wind turbine foundations. The oscillatory wave-induced 
pore pressure around these three configuration cases of 
piles foundation is explored and discussed in detail. The 
main conclusions for this study can be drawn as follows:

1. The verification of the present study shows that the 
present model has the capability and capacity to simu-
late WSSI around the different types of pile support 
structures. The simulated numerical time series dia-

gram of free surface elevation for the three configura-
tion cases of pile structures agreed well with experi-
mental results.

2. Hydrodynamic comparison analysis such as wave pres-
sure, free surface elevation and wave force on the sea-
bed resulting from the three different cases of the pile 
support structures shows the gravity-based support 
pile tend to generate higher magnitude free surface 
elevation and wave pressure as well as the wave force 
effect on it is higher due to perhaps the large surface 
area it occupied.

3. The oscillatory wave-induced pore pressure com-
parison analysis in the seabed foundation around the 
three different types of pile support structures shows 
that the wave-induced pore for the gravity-based sup-
port pile and the tripod support pile at the lateral side 
and the downstream side of the seabed foundation are 
significantly higher than that of the monopile struc-
ture.

4. Liquefaction depth analysis for three configuration 
cases of pile structures at the upstream side within the 
seabed foundation shows that the tripod support pile 
has higher tendency resistance against wave-induced 
liquefaction, which may be due to the additional legs 
whereas the gravity support pile tends to be greatly 
affected by the wave-induced liquefaction due to the 
large coning base diameter.
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