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Abstract23

The fixed gravity-based structure (GBS) platform has been widely constructed offshore in sup-24

port of exploring and drilling activities for oil and gas industry. The aim of the present study25

is to investigate the wave-induced instantaneous liquefaction of a poro-elastic seabed around a26

GBS offshore platform, including the consideration of the effect from the platform deck. Our27

approach is using an integrated three-dimensional numerical model that developed based on the28

Finite Volume method (FVM) in OpenFOAM. In addition, a protection system for the GBS29

platform has been proposed and its effect on the prevention of the wave-induced momentary30

liquefaction have been demonstrated. A series of simulations are performed, including a con-31

solidation process, the fluid-structure-seabed interactions and the wave-induced liquefaction32

and shear failure near the GBS. Numerical results reveal that the proposed protection system33

can significantly reduce the wave forces and the liquefaction depth in front of the platform. The34

parametric study reveals that the wave height and current velocity have significant impact on35

the seabed liquefaction in the vicinity of the GBS offshore platform. The protecting effect of36

the protection piles decreases with increasing of the column spacing and the distance from the37

GBS.38

Keywords: Gravity-Based Structure (GBS) offshore platform; fluid-structure-seabed39

interactions; pore pressures; seabed liquefaction; seabed protection.40
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1. Introduction41

The discovery of the marine resources has led to numerous constructions of the offshore42

platforms in the purpose of drilling the oil and natural gas underneath the seabed floor. The types43

of the offshore platform include, but are not limited to, fixed piled offshore platform, gravity-44

based structure (GBS) offshore platform, floating offshore platform and semi-submersible plat-45

form. Among these, the fixed GBS offshore platform has been proved to have competitiveness46

such as a larger deck space, short installation time and strong capacity of exposure to harsh47

offshore weather (Reddy and Swamidas, 2013). One of well-known GBS offshore platforms is48

the Condeep (i.e., concrete deep water structure) that fabricated by Norwegian Contractor Aker49

Kvaerner shipyard in Stavanger, Norway (Fernandez and Pardo, 2013). Figure 1 shows two50

Condeep type of the GBS platforms with rectangular concrete bases that were built in Sakhalin51

Island, Russia. Figure 1(a) is an illustration of the GBS platform in Sakhlin-I project and Fig-52

ure 1(b) is a picture of the Lunskoye-A platform in Sakhlin-II project, which is a sister project to53

Sakhlin-I. In addition to the conventional oil and gas industries, the use of the GBS foundation54

in the offshore wind industry has also shown an increasing trend (Esteban et al., 2019).55

(a) Sakhalin-I platform (b) Sakhalin-II platform

Figure 1: Illustrations of: (a) Sakhalin-I platform (Retrieved from: https://www.aas-jakobsen.com/

projects/sakhalin-1-gbs/); (b) Sakhalin-II platform (Retrieved from: https://www.gazprom.

com/projects/sakhalin2/).

Numerous previous studies for the GBS offshore platforms focused on the interactions be-56
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tween the fluid and structure, such as dynamic analysis of the wave force, hydrodynamic pres-57

sure and bending moment on the structures (Baarholm and Stansberg, 2004; Baarholm, 2009;58

Oluwole et al., 2015; de Sonneville et al., 2015; Lim and Xiao, 2016; Zhu et al., 2021). Among59

these, Baarholm and Stansberg (2004) considered the extreme weather condition that causes60

the vertical loads on the deck of a fixed GBS offshore platform. Lim and Xiao (2016) numeri-61

cally investigated the physics of complex interaction of the fluid and a GBS offshore platform by62

adopting the partitioned coupling method (both weakly and strongly coupled algorithms). Some63

researches focused on the structural design of the platform when considering the response of64

the structure under the seismic loading or the hydrodynamic loading (Abdel Raheem, 2013;65

Abdel Raheem et al., 2021).66

The aforementioned studies ignored the seabed responses involved in the fluid-structure-67

seabed interactions (FSSI). In fact, the fluid in the form of waves and currents, structures and68

seabed foundations are in a fully integrated system in the marine environment, in which the69

seabed responses may result in the weakening of the strength of seabed foundation and the70

decreasing of the bearing capacity. This will further cause damages of the structure when the71

seabed foundation instability occurs, such as scour and liquefaction (Sumer, 2014; Jeng, 2018).72

Therefore, the seabed foundation that involves the soil responses around the structure should73

receive special attention.74

Numerous studies for the wave-induced seabed responses have been carried out since the75

1950s. At the early stage, some models were proposed for the seabed responses without consid-76

ering the coupling process between pore fluid and soil skeleton, which include: (1) Laplace’s77

model (Putnam, 1949; Sleath, 1970; Liu, 1973) that treats both pore fluid and soil skeleton as in-78

compressible media; (2) Diffusion model (Nakamura et al., 1973; Møshagen and Tørum, 1975)79

that includes the pore fluid compressibility but the soil skeleton is still considered as rigid. A80

series of analytical solutions have been developed since 1970s, based on the Biot’s poro-elastic81

theory, including the Biot’s consolidation model (Biot, 1941; Yamamoto et al., 1978; Madsen,82

1978; Okusa, 1985; Hsu and Jeng, 1994), the u − p approximation (Biot, 1956; Zienkiewicz83

et al., 1980; Jeng and Rahman, 2000) and the Biot’s dynamic model (Yuhi and Ishida, 1998;84

Jeng and Cha, 2003; Ulker and Rahman, 2009). The phases interactions (i.e., pore fluid and soil85

skeleton) were included in these models but without an offshore structure. In recent years, by86
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adopting the Biot’s models, there have been numerous studies on the seabed response around87

the offshore structures such as piled foundations (Zhao et al., 2017; Sui et al., 2019; Tong et al.,88

2018; Xu et al., 2021).89

Numerical simulation has become a common strategy for the study of FSSI problems with90

the rapid growth of computing resources. The majority of the previous numerical models have91

been limited to two-dimensional problems, for example, pipelines (Jeng, 2001; Gao et al., 2003;92

Zhao et al., 2014) and breakwaters (Mase et al., 1994; Ye et al., 2014; Zhao and Jeng, 2015).93

Some three-dimensional models were proposed in recent years, such as breakwaters (Jeng and94

Ou, 2010; Ye et al., 2016; Liao et al., 2018; Cui et al., 2021) and piled-type foundations (Sui95

et al., 2017; Zhao et al., 2017; Tong et al., 2018). However, to date, very limited literature is96

available for the FSSI around the offshore platform or GBS foundations. Zhang et al. (2017)97

proposed an integrated three-dimensional numerical model (Flow-3D and COMSOL) to inves-98

tigate the wave-induced seabed response around a piled foundation platform. They found that99

the various pile spacing significantly alter the flow field in the vicinity of the platform and the100

existence of the platform deck has great effects on the dynamic response of the pile foundation,101

including the bending moment and displacement of piles. However, they only examined the102

seabed response (i.e., pore pressure), the phenomenon of soil liquefaction was not covered in103

their work. The influence of the deck of the offshore platform on the seabed liquefaction have104

not been considered, which will be discussed in the present study. Later, Li et al. (2018) numer-105

ically studied the seabed response and seabed liquefaction around a hexagonal gravity-based106

offshore foundation, but they only considered the foundation rather than the whole structure107

(i.e., inclusion of foundation, piles and deck).108

For the remedial measurements against seabed liquefaction, the existing methods focus on109

the prediction of the liquefaction potential, ocean monitoring and forecasting (Huang et al.,110

2015). Besides the monitoring and forecasting, previous researchers proposed numerous inno-111

vative seabed improvement measurements. For example, Pan et al. (2007) analytically solved112

the dynamic response of a seabed-geotextile system based on the Biot’s consolidation equations113

using the state-space formulations. Their numerical results proved that the placing of geotextile114

underneath an armour layer can increase the seabed stability and the liquefaction depth will115

decrease with the decrease of the geotextile permeability. The conventional protection system116
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for an offshore platform usually concerns about the corrosion of the metal structure itself, such117

as the cathodic protection by means of sacrificial anodes (Zakowski, 2011). Limited studies for118

the protection of seabed foundation around the GBS offshore platform are available in the liter-119

ature. Bos et al. (2002) evaluated the behavior and performance of the gabion mattresses around120

the GBS platform that used to prevent seabed scour in physical model tests. However, installing121

the gabion mattresses under the marine environment requires special designed equipment and122

skilled labor, which will increase the construction cost. Another widely adopted seabed pro-123

tective method is geotextile sand containers (GSC). However, the GSC has some deficiencies124

that it would be vulnerable to the tearing of geotextile, thus losing its confined effect on internal125

materials, as reported by Rafiei et al. (2019). Additionally, the external instabilities such as126

wave-induced liquefaction and scour beneath the GSC are also important causes of numerous127

failure cases of the GSC. In this study, we will propose a protection system consists of a row128

of piles that are placed at the upstream of the GBS offshore platform. By replacing the pile129

unit by a special-shape pile, a variation of the protection system is also obtained. This kind130

of protection system will be easier to implement in the practical engineering with a relatively131

low cost comparing to the full coverage of the geotextile or mattresses over the seabed, while132

providing a rational protective potential.133

In this paper, the 3D hydrodynamic model that governed by the Volume-Averaged Reynolds-134

Averaged Navier-Stokes (VARANS) equations with Volume of Fluid (VOF) method and k − ε135

turbulence model and the 3D seabed model that solved by the Biot’s consolidation equations136

are integrated within a FVM based framework. The research aims at investigating the seabed137

foundation stability around a fixed GBS offshore platform. The seabed is considered as an138

elastic medium in this study, therefore only momentary liquefaction of the seabed is assessed.139

The new contributions of this paper are summarized here.140

(1) Proposing a proper FVM-based three-dimensional model that can handle the complex141

geometry of the offshore structure and its surrounding fluid and seabed interactions, in-142

cluding the effect of currents, dynamic soil responses, wave-induced instantaneous lique-143

faction zones and shear failure zones around the GBS platform.144

(2) The impact of the deck of the offshore platform on the hydrodynamic properties, the wave145
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forces acting on the structure and wave-induced seabed liquefaction in the vicinity of the146

GBS offshore platform are examined.147

(3) A protection system and its variant alternations for the GBS offshore platform are pro-148

posed, whose protecting effectiveness have also been examined.149

(4) The parametric studies are carried out to investigate the effect of various wave height,150

current velocity and soil permeability on the seabed liquefaction around the GBS offshore151

platform, as well as the location and arrangement of protection piles.152

The structure of this paper is organized as the follow. The theoretical models are outlined in153

Section §2, while the validations of the present model with three sets of previous experimental154

results are presented in Section §3. Then, the mesh convergence tests are performed in Section155

§4. A detailed discussion of the hydrodynamics and seabed liquefaction will be presented156

in Section §5. A following detailed analysis for the GBS structure with a protective system157

followed by the parametric study will be presented in Section §6. Finally, key findings of this158

study will be summarized in Section §7.159

2. Theoretical model160

2.1. Hydrodynamic sub-model161

The hydrodynamic model for wave and current over a GBS offshore structure is governed162

by the Volume-Averaged Reynolds-Averaged Navier-Stokes (VARANS) equations for the in-163

compressible and continuous fluid motion. Based on the mass and momentum conservation,164

the governing equations can be expressed as,165

∂ 〈ui〉

∂xi
= 0, (1a)

∂ρ〈ui〉

∂t
+
∂ρ〈ui〉〈u j〉

∂x j
= −

∂〈p〉
∂xi

+
∂τi j

∂x j
+

∂

∂x j

(
−ρ〈u′iu

′
j〉
)

+ ρgi, (1b)
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where ρ is the fluid density, ui is the fluid velocity, p is the fluid pressure, gi denotes the ac-166

celeration of gravity, i and j ∈ [1,2,3], which denote the components in the x, y and z direction167

respectively, and τi j is the viscous stress that is defined as:168

τi j = 2µσi j, σi j =
1
2

(
∂〈ui〉

∂x j
+
∂〈u j〉

∂xi

)
, (2)

in which µ is the dynamic viscosity of fluid. As pointed out by Rodi (1993), the Reynolds stress169

term, −ρ〈u′iu
′
j〉, in (1b) can be determined by:170

−ρ〈u′iu
′
j〉 = µt

(
∂〈ui〉

∂x j
+
∂〈u j〉

∂xi

)
−

2
3
ρδi jk (3)

where µt is the turbulent viscosity, δi j is the Kronecker delta and k the turbulence kinetic energy.171

Substituting (2)–(3) into (1b), we have the following expression:172

∂ρ〈ui〉

∂t
+
∂ρ〈ui〉〈u j〉

∂x j
= −

∂

∂xi

[
〈p〉 +

2
3
ρk

]
+

∂

∂x j

[
µe f f

(
∂〈ui〉

∂x j
+
∂〈u j〉

∂xi

)]
+ ρgi (4)

where µe f f is the efficient dynamic viscosity, which is defined as µe f f = µ + µt.173

The k−ε turbulence model for the closure of the VARANS equations is expressed as follow:174

∂ρk
∂t

+
∂ρ〈u j〉k
∂x j

=
∂

∂x j

[(
µ +

µt

σk

)
∂k
∂x j

]
+ 2µtσi j

∂ui

∂x j
− ρε (5a)

∂ρε

∂t
+
∂ρ〈u j〉ε

∂x j
=

∂

∂x j

[(
µ +

µt

σε

)
∂ε

∂x j

]
+ C1ε

ε

k

(
2µtσi j

) ∂ui

∂x j
−C2ε

ρε2

k
(5b)

µt = ρνt = ρ
Cµk2

ε
(5c)

where k and ε are the turbulent kinetic energy and its dissipation rate respectively, νt is the175

turbulent viscosity frequency, and Cµ, C1ε, C2ε, σk, σε are empirical constants, which are taken176

as 0.09, 1.44, 1.92, 1.0, 1.3 respectively (Rodi, 1993). The values of these constants have been177
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refined by numerous iterations of consistency checks based on various flow conditions (Versteeg178

and Malalasekera, 2007) and have been shown useful applications on free-shear layer flows with179

relatively small pressure gradients (Huang et al., 1997).180

In the hydrodynamic model, each cell within the computational domain could be considered181

as a mixture of two-phases fluid (i.e., water and air). Therefore, one indicator phase function182

(α) is sufficient to describe the free surface. The α is defined as the quantity proportion of the183

water in a cell:184

α =


1 water

0 air

0 < α < 1 free surface

(6)

α = 1 represents the cell is full of water, while α = 0 means the cell is full of air, and for185

the value of α between 0 and 1, these cells belong to the free surface. The Volume-Averaged186

Volume of Fluid (VOF) technique is used to track the movement of phases (Hirt and Nichols,187

1981):188

∂α

∂t
+
∂ 〈ui〉α

∂xi
= 0, (7)

Manipulation that involves an artificial term ∂uciα(1−α)
∂xi

is applied to Equation (7) in OpenFOAM®
189

to achieve consistent with physical processes, which include keeping the sharp interface and190

limiting α between 0 and 1 (Higuera et al., 2013). The final expression is:191

∂α

∂t
+
∂ 〈ui〉α

∂xi
+
∂ 〈uci〉α(1 − α)

∂xi
= 0, (8)

where uci is defined as |uci| = min[cα|ui|,max(|ui|)], in which cα is a user adjustable factor for the192

enhancement of the compression of the interface.193

Several boundary conditions are implemented in the hydrodynamic model to ensures the194

solution of the VARANS equations, as shown in Figure 2. First, a uniform current velocity195

(U0) and various wave theories are applied on the inlet boundary (B1) for the simulation of196

wave-current interactions. The wave generation starts after a steady velocity is given at the197
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inlet boundary condition. Therefore, the inlet flow velocity is considered as a superimposition198

of the wave velocity and a stable current velocity. For the outlet boundary (B2) condition,199

instead of using a conventional relaxation zone, an active wave absorption boundary is used,200

which enable the waves flow out the computational domain (Higuera et al., 2013). The active201

wave absorption avoids the reflection at the outlet boundary, prevent the increase of energy202

and the mean water level inside the system, at the same time, it can significantly decrease the203

computational domain. Then, the pressure outlet condition is applied at the upper side of the204

domain B4, which the standard atmospheric pressure is considered as the pressure of water free205

surface. The wall boundaries are applied at the lateral sides (in the three-dimensional cases) and206

the bottom of the domain B3. Last, the water-structure interface B5 uses the no-slip boundary207

conditions.208

𝑈𝑈0 (Current velocity)

Waves propagation
Water free surface

B3: Fluid bottom boundary

B1:
Inlet boundary

B2:
Outlet boundary

B4: Atmosphere

B5: fluid-structure interface

Any form of structure

Figure 2: Boundary conditions applied in the hydrodynamic model.

2.2. Seabed sub-model209

In a porous seabed, the pore fluid-soil interactions are governed by the Biot’s consolidation210

equations (Biot, 1941), which the force equilibrium equations for the soil domain are expressed211

as in (9)–(11). The acceleration of the pore fluid and soil skeleton is neglected in this model212

because that the wave-induced soil response of the porous seabed is relatively small compared213

to the equilibrium state. It has been report in the literature that the Biot’s consolidation model214

is suitable for most conditions of natural seabeds (Jeng and Cha, 2003; Jeng, 2012).215

∂σ′sx

∂x
+
∂τsxy

∂y
+
∂τsxz

∂z
=
∂ps

∂x
, (9)

∂τsxy

∂x
+
∂σ′sy

∂y
+
∂τsyz

∂z
=
∂ps

∂y
, (10)
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∂τsxz

∂x
+
∂τsyz

∂y
+
∂σ′sz

∂z
=
∂ps

∂z
, (11)

where (σ′sx, σ
′
sy, σ

′
sz) are the effective normal stresses in the x-, y- and z- directions respectively,216

(τsxy, τsyz, τsxz) are the shear stresses, ps is pore pressure. In this study, the seabed is treated as217

a poro-elastic material that obeys the generalized Hooke’s law, which expresses as:218

σ′sx = 2Gs

[
∂us

∂x
+

µsεs

1 − 2µs

]
, τsxy = τsyx = Gs

[
∂us

∂y
+
∂vs

∂x

]
(12)

σ′sy = 2Gs

[
∂vs

∂y
+

µsεs

1 − 2µs

]
, τsyz = τszy = Gs

[
∂vs

∂z
+
∂ws

∂y

]
(13)

σ′sz = 2Gs

[
∂ws

∂z
+

µsεs

1 − 2µs

]
, τsxz = τszx = Gs

[
∂ws

∂x
+
∂us

∂z

]
(14)

where ∇2 = ∂2

∂x2 + ∂2

∂y2 + ∂2

∂z2 ; Gs is the shear modulus of the soil; µs is the Poisson’s ratio; (us, vs,219

ws) are the soil displacements in the x-, y- and z- directions respectively; εs is the volume strain220

that calculated in (17).221

Substituting (12)–(14) into (9)–(11), the governing equations for the force equilibrium con-222

ditions become:223

Gs∇
2us +

Gs

(1 − 2µs)
∂εs

∂x
=
∂ps

∂x
(15a)

Gs∇
2vs +

Gs

(1 − 2µs)
∂εs

∂y
=
∂ps

∂y
(15b)

Gs∇
2ws +

Gs

(1 − 2µs)
∂εs

∂z
=
∂ps

∂z
(15c)
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The porous seabed is assumed to be isotropic homogeneous with the identical permeability224

in x-, y- and z- directions. Therefore, the governing equation for the mass conservation of the225

pore fluid based on Darcy’s law is expressed as:226

ks∇
2 ps − γwnsβs

∂ps

∂t
− γw

∂εs

∂t
= 0, (16)

where ks is the soil permeability, ns is the soil porosity, γw is the unit weight of pore fluid, βs is227

the compressibility of the pore fluid. βs and εs are defined as:228

βs =
1

K f
+

1 − S r

pw0
, and εs =

∂us

∂x
+
∂νs

∂y
+
∂ws

∂z
, (17)

in which K f is the bulk modulus of pore fluid, whose value is suggested by Yamamoto et al.229

(1978) as 1.95 × 109 N/m2 for pore water. S r is the degree of saturation, pw0 is the absolute230

static pressure.231

Similar to the hydrodynamic model, a few boundary conditions are required to solve the232

seabed model. At the seabed surface, the pore pressure is equal to the hydrodynamic pressure233

that determined by the hydrodynamic model, while the vertical effective stress and the shear234

stress are considered to be zero. At the soil-structure interface, no pore fluid flow occurs at the235

soil-structure interface (i.e., impermeable interface), therefore, zero gradient of pore pressure236

boundary condition is applied. The displacement at the soil-structure interface is determined237

by the traction boundary condition, which the normal component of total stress of seabed is238

equal to the normal traction at the interface. Furthermore, it is assumed that there is no relative239

displacement between the GBS and the seabed. The bottom of the seabed domain is treated240

as impermeable and rigid where there is no displacement and the pore pressure gradient is241

considered as zero. Regarding to the four lateral sides, the boundary conditions that no flow (i.e.,242

the pore pressure gradient is zero) and no displacement occur in the corresponding directions243

are applied.244

2.3. Workflow of the simulation245

The workflow of the detailed numerical simulation of the proposed model is illustrated in246

Figure 3. The simulation workflow consists the following three processes:247
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(1) Pre-processing: A high quality mesh ensures the accuracy of the solutions, therefore, the248

first step of a numerical simulation is to generate the mesh system. In this study, the249

geometry of the fixed platform is prepared first and then define the physical domains250

around the body. To resolve better flow features, the OpenFOAM® built-in utility Snap-251

pyHexMesh is used to add surface layers and volume refinement around the structure.252

The mesh convergence tests of the model are performed in Section §4. After confirming253

the mesh quality, the pre-processing has one final step to define the boundary conditions,254

parameters, and initial field.255

(2) Simulation: Instead of using different numerical models for hydrodynamic and seabed sub-256

models (Zhang et al., 2017; Cui et al., 2021), both hydrodynamic and seabed sub-models257

are established within the framework of OpenFOAM® in the present model. The advan-258

tage of developing the hydrodynamic model and the seabed model on the same platform259

over the previous methods is the efficiency for the data exchange process. The benefit260

is avoiding additional interface programs for data transmission between different sub-261

domains, thus improving the efficiency and accuracy of the simulation. The one-way262

integrated approach is used in the present model. The influence of the interaction be-263

tween the flow and seabed models is transmitted from top to bottom, which the effects of264

structure and seabed responses on the fluid domain are not considered here. The integra-265

tion process includes that the hydrodynamic model determines the wave pressure acting266

on the seabed surface by solving the VARANS equations, and provides to the seabed267

model to solve the Biot’s consolidation equations.268

(3) Post-processing and visualization: The final step of the numerical simulation is to extract269

and manipulate the data, and visualize the results. By solving the fluid and seabed do-270

mains, the results such as velocity field, hydrodynamic pressures, pore water pressures271

and soil stresses can be obtained.272

3. Model validations273

In this study, the following validations for the present model are presented.274
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Figure 3: The workflow of the numerical simulation.

• Validation #1: Experimental results of one-dimensional compressive test for the wave-275

induced pore-pressures in a sandy bed without a structure (Liu et al., 2015) together with276

the analytical solution (Hsu and Jeng, 1994) will be compared with the present model.277

• Validation #2: The experimental data for wave force acting on the mono-pile (Zang et al.,278

2010) will be used to validate the present model.279

• Validation #3: The present model will be compared with the experimental data for a280

mono-pile for the wave-induced pore-water pressures in a sandy seabed (Wang et al.,281

2019).282

3.1. Validation #1: Comparison of pore-water pressures with 1-D compressive tests (Liu et al.,283

2015)284

Liu et al. (2015) carried out a series of one-dimensional experiments for the wave-induced285

pore pressure in sandy deposits in a 2 m vertical cylinder, which was filled with 1.8 m homo-286

geneous sandy deposit and 0.2 m water on the top for generation of harmonic wave loading.287

Ten pore pressure transducers were installed in the deposits to resolve the distribution of wave-288
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induced pore pressures along the depth of soil. Such an experiment set-up can provide more289

measurement points in the soil layer, which is one of main weakness in the conventional wave290

flume tests. In their experiments, an additional static pressure of 50 kPa was added, which is291

equivalent to 5 m static water pressure, therefore, the water depth d is equal to 5.2 m. Other292

parameter setting is: the wave period T =9 s, wave height Hw =3.5 m, soil permeability ks293

=1.8 ×10−4 m/s, shear modulus Gs =1.27 × 107 N/m2, Poisson ratio µs =0.3, and the degree of294

saturation S r =0.996. The soil properties were determined in the soil mechanics laboratory at295

Shanghai Jiaotong University.296

Figure 4 shows the comparison of vertical distribution of wave-induced maximum pore297

pressure between the numerical simulation from the present model, Liu et al. (2015)’s experi-298

mental data and Hsu and Jeng (1994)’s analytical solution. The maximum pore pressure is non-299

dimensionalized by p0, which is the amplitude of the linear dynamic wave pressure at seabed300

surface. As shown in the figure, the agreements among the numerical results, experimental301

data and analytical solution are generally well, except for the obvious discrepancy of measured302

wave-induced pore pressure close to the bottom of seabed. One possible explanation, as pointed303

out by Liu et al. (2015), is that the un-stability (i.e., liquefaction) has occur in the sandy deposit304

and lead to the change of relative density of soil along with depth in the physical model, while305

the soil is assumed to be constant all across the depth in the numerical and analytical models.306

In general, the good fit curves prove that the present model can rationally simulate the dynamic307

response of soil under wave loading.308

3.2. Validation #2: Comparison of wave forces with wave tests (Zang et al., 2010)309

In this section, the hydrodynamic model is validated against the previous experimental re-310

sults (Zang et al., 2010), which the experiments were performed in a shallow water basin at DHI311

(Danish Hydraulic Institute) for regular waves with a vertical cylinder. Figure 5 illustrates the312

set-up of their experiments (Zang et al., 2010): a cylinder with 0.25 m diameter was installed313

in the center of the tank (7.52 m from the piston paddle that was installed at left end of the314

basin) with a water depth of 0.505 m. The total horizontal hydrodynamic force on the cylinder315

was measured via four load cells on the top of the cylinder. The water surface elevation around316

the cylinder was measured by 19 wave gauges. In this case, the free surface elevations at wave317

gauge 1 (0.77 m from the piston paddle) and wave gauge 9 (2 mm in front of the upstream318
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Figure 4: Comparisons of vertical distribution of maximum pore pressure among the present model, analytical

solution (Hsu and Jeng, 1994) and experiment (Liu et al., 2015). (T =9 s, Hw =3.5 m, d =5.2 m.)

stagnation point of the cylinder) are compared numerically and experimentally.319
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(a) side view
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0. 02m

(b) Plan view

Figure 5: Experimental set-up of Zang et al. (2010)’s experimental tank: (a) side view and (b) plan view.

By using the proposed integrated model, we reproduce the non-linear interaction between320

wave and mono-pile in Zang et al. (2010)’s experiments. Since the computational domain is321
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symmetrical with respect to the x − z plane, only half of the numerical tank is simulated to322

save computational resources. As shown in Figure 6, to improve the computational efficiency,323

a multi-level grid system was established using the built-in mesh generation utility, blockMesh:324

the grid is refined in an area five times the pile diameter around the pile; elements at the inter-325

face between the water and air (i.e., middle of the domain) are 4 times finer than elements at326

bottom and top of the domain to better capture the free surface. In addition, the domain decom-327

position method in OpenFOAM® for parallel computing was adopted, in which the geometry328

and associated fields are decomposed into several pieces and allocated to different processors329

for solutions. By adopting parallel computing strategy, the running time for this case is greatly330

reduced.331

(a) plan view

(b) side view

Figure 6: The multi-level grid system in the numerical simulation to reproduce Zang et al. (2010)’s experiments:

(a) plan view and (b) side view.

Figure 7 shows the comparison between the numerical prediction of the present model and332

the experimental results (Zang et al., 2010) for the time series of the free surface elevations at333
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WG1 and WG9. Here, the inlet point of wave tank (WG1) was selected as the first reference334

point to ensure that the incoming wave pattern in the numerical wave tank is matched with the335

wave pattern generated. At the same time, selecting WG9 that near to the upstream mono-pile336

surface can better monitor the phenomenon of pile-fluid interactions. Overall good agreement337

between the numerical predictions and experimental results indicates that the present model is338

capable of simulating the strong non-linear interactions between the waves and the mono-pile.339

The numerical results of wave-induced horizontal force on the surface of mono-pile is also340

compared with Zang et al. (2010)’s experimental results, as shown in Figure 8. Despite some341

minor discrepancy at the wave nodes, the numerical results are in generally good agreement342

with the experimental results. It confirms that the proposed wave model successfully reproduce343

Zang et al. (2010)’s experiments and the model is suitable for the problems of non-linear wave-344

structure interactions.345
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Figure 7: Comparison of the free surface elevation between the simulation results of the present model and Zang

et al. (2010)’s experimental results at (a) WG1 and (b) WG9. (Hw =0.14 m, T =1.22 s).
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Figure 8: Comparison of wave-induced horizontal force on the mono-pile between the simulation results of the

present model and Zang et al. (2010)’s experimental results. (Hw =0.14 m, T =1.22 s.)

3.3. Validation #3: Comparison of pore-water pressure around single mono-pile with wave346

tests (Wang et al., 2019)347

To further validate the present model, wave flume tests that conducted by Wang et al. (2019)348

at Southwest Jiaotong University are used. The tests were carried out in a 60 m × 1.8 m × 2.0349

m (length × height × width) wave flume. A mono-pile with a 30 cm diameter was installed350

with a 0.6 m buried depth in a 7 m (length) × 1 m (depth) × 2.0 m (width) soil tank below351

the wave flume that is located 21 m from the wave maker. It is noted that the mono-pile was352

fully fixed without consideration of pile vibrations. The properties of sandy seabed material353

used in the experiments are listed as: mean particle size d50 =0.215 mm, permeability ks =2.382354

×10−5 m/s, shear modulus Gs =8.58 × 106 N/m2, Poisson’s ratio µs =0.3, soil porosity ns =0.448355

and relative density Dr =0.321. More details of experimental set-up and determination of soil356

parameters can be found in Wang et al. (2019).357

The experiments focused on the process of wave-induced pore-water pressures in the vicin-358

ity of a mono-pile foundation. Totally 19 pore-water pressure transducers were installed within359

the soil around the mono-pile, in which the data from 4 vertically arranged transducers (Trans-360

ducer 11, 12, 13 and 5: 0.05 m, 0.2 m, 0.35 m and 0.7 m below the seabed surface respectively)361

that located in front of the mono-pile is selected for the comparison. Figure 9 shows the compar-362

ison of pore-water pressure variations between the present numerical model and the measured363

data (Wang et al., 2019) at four different locations along the depth of soil that in front of the364

mono-pile (wave period T =2 s and wave height Hw =10 cm). It is noted that the amplitudes of365

pore-water pressure at z =-0.35 m and -0.7 m were magnified 10 times for a clear presentation.366

It is obvious that the simulated results of pore-water pressure from the present model are in367
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good agreement with the experimental results at all four different depths.368
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Figure 9: Comparison of time series of wave-induced pore pressure between the numerical results of the present

model and the experimental data (Wang et al., 2019) at 0.15 m in front of the pile for different soil depths (z =-0.05,

-0.2, -0.35 & -0.7 m). (T =2 s, Hw =10 cm, d =0.6 m, seabed thickness =1 m, embedded depth of the pile =0.6 m)

4. Mesh convergence tests369

Herein, the mesh convergence tests for both hydrodynamic and seabed sub-models are per-370

formed to ensure the accuracy of the numerical simulation with the selected mesh. The test371

schemes are listed in Table 1, in which W and S represent the mesh schemes for the hydrody-372

namic sub-model and seabed sub-model, respectively. Each sub-model adopts 5 different mesh373

schemes, among these, scheme 1, 2 and 3 are designed to test the grid sensitivity to grid size in374

the x- and the y- directions (the grid size is set to be equal between ∆x and ∆y), and scheme 2,375

4 and 5 are to test grid sensitivity to grid size in the z- direction. The mesh schemes W2 and S 2376

are the final selection, which are in bold shown in the figure. In addition, the mesh refinement377
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technique was used in the process of building the mesh system. Therefore, the numbers of hex-378

ahedral cells before and after refinement are also listed in the table. Generally, refining grids379

in a 3D model dramatically increases the cell numbers and significantly increases the required380

amount of computation, therefore, it is especially important to find the suitable mesh scheme381

while ensuring the computational accuracy.382

Table 1: Mesh schemes for the wave and seabed models#.

Mesh scheme ∆x=∆y (m) ∆z (m) Cell number Cell number after refinement

W1 1.0 0.3 450,000 1,633,203

W2 0.8 0.3 675,000 2,221,454

W3 0.5 0.3 1,800,000 4,843,403

W4 0.8 0.5 420,000 1,452,414

W5 0.8 0.1 2,100,000 6,395,720

S1 1.0 0.2 225,000 -

S2 0.5 0.2 900,000 -

S3 0.3 0.2 2,500,000 -

S4 0.5 0.1 1,800,000 -

S5 0.5 0.4 450,000 -

# Wave condition: T = 6 s, Hw =2 m, d =10 m, Lw =48.4 m

Figure 10 shows the comparative results of wave elevation changes in a wave cycle 5 m383

from the down-flow direction of the GBS offshore platform for 5 different mesh schemes. The384

wave condition used in tests are: wave period T =6 s, wave height Hw =2 m and water depth385

d =10 m, which the wave length Lw determined by the linear wave theory is 48.4 m. In the386

process of establishing the mesh system, three layers of refined meshes are added in a area387

within 2 m from the structure. This technique will increase the amount of cells, but ensures388

accurately capturing the turbulence near the fixed platform. It is found from the figure that389

the impact of grid size in the x- and the y- directions is relatively small compared to that in z-390

direction. Comparing between the results between mesh W2 and W4, the discrepancy reaches391

18.25% at the wave trough, while from mesh W2 to mesh W5, the difference is very slight as392

the cell number increases by 187.9%. Therefore, mesh scheme W2 is sufficient to achieve a393
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good simulation accuracy.394
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Figure 10: Time series of free surface elevation for different mesh schemes. (T =6 s, Hw =2 m, d =10 m)

Similarly, the comparative results of wave-induced pore-water pressure at the point 4 m395

below the seabed surface for seabed mesh schemes are given in Figure 11. For the impact of ∆x396

and ∆y (mesh scheme S1, S2, S3 at the crest), the percentage difference of pore-water pressure397

is 2.38% between S1 and S2 and 0.89% between S2 and S3, while the cell number increases398

2.7 times from S2 to S3. Likewise, the significant increase of grid number from S2 to S4 only399

makes a small difference of the results, while the deviation of S5 is beyond the reasonable range.400

In conclusion, mesh scheme 2 is the best choice, which is bold in the table.401

5. Wave-structure-seabed interactions402

Using the present numerical model within the framework of OpenFOAM®, simulations of403

the FSSI around a fixed GBS offshore platform are performed. Figure 12 illustrates a 3D view404
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Figure 11: Time series of pore-water pressure for different mesh schemes. (T =6 s, Hw =2 m, d =10 m)
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and a x - z plane view of the computational domain that consists of a seabed field, a fluid field405

and a structure. It is noted that the GBS platform is placed on the seabed surface with zero-406

embedment condition, as shown in Figure 12b. The structure includes a concrete base, four407

piles and a platform deck, the superstructure over the deck is not considered in this study. A408

Cartesian coordinate system (x − y − z) is set with the origin at the center point on the left side409

of the seabed surface, the positive direction of the x-axis is the wave propagation direction, the410

positive y-axis points the backward face of the numerical wave tank, and the positive z-axis is411

upward. The length of the computational domain is set to be 200 m, which is over five times412

of the wavelength (Lw) that adopted in the present study (i.e., Lw =48.4 m), the width of the413

domain is set as 50 m to eliminate the font and back boundary effects. The seabed thickness414

and water depth are 15 m and 10 m, respectively. In addition, uniform currents (U0) are applied415

to the flow field, which the positive value indicates that the currents are in the same direction416

as wave propagation while the negative value is in the opposite direction of wave propagation.417

Four points (i.e., A, B, C and D) that have x- coordinates equal to 10 m, 69.7 m, 80.3 m and 120418

m respectively are selected within typical regions, representing the inlet region, front and back419

regions of the GBS platform and the outlet region.420

Figure 13 shows the front view and top view of the fixed GBS offshore platform. The421

distance from the left face of the structure and the inlet boundary is 70 m. For the gravity-base422

foundation and the platform deck of the structure, the dimensions are 10 m × 10 m × 3 m and423

10 m × 10 m × 1 m, respectively. The diameter of the pile shaft is 2 m and the length of the424

pile is 9 m or 11 m with respect to the different case settings. The spacing between the center425

of each two adjacent pile shafts is 5 m. It is noted that the structure is considered of being made426

of concrete (ρconcrete =2500 kg/m3 in this case) and the surface of the structure is impermeable.427

The parameters used in the numerical simulations are listed in Table 2. According to the428

linear wave theory (Dean and Dalrymple, 1984), a wave period (T ) of 6 s and a water depth (d)429

of 10 m will yield a linear wavelength of 48.4 m. A maximum wave height of less than 6 m430

ensures that waves do not break at a given water depth of 10 m (Le Méhauté, 1976). Therefore,431

the wave heights (Hw) considered in this study are 2 m, 4 m and 6 m, of which the Stokes-III432

wave theory is applied for Hw =2 & 4 m and the Stokes-V wave theory (Fenton, 1985) is applied433

for the wave height of 6 m. The magnitude of the current velocity is 1 m/s for both directions,434
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Figure 13: The layout of the fixed GBS offshore platform.
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a case without the presence of currents is also simulated as a reference case for wave only.435

Table 2: Input data for the parametric study.

Wave characteristics

Wave period (T ) 6 s

Wave height (Hw) 2 m, 4 m or 6 m

Water depth (d) 10 m

Wave length (L) 48.4 m

Wave type Stokes-III or Stokes-V

Wave steepness (Hw/L) 0.0413, 0.0827, 0.1240

Current velocity (U0) -1 m/s, 0 m/s or 1 m/s

Structure parameters

Shear modulus (Gstructure) 1.0 × 1010 N/m2

Poisson’s ratio (µstructure) 0.18

Density (ρstructure) 2500 kg/m3

Seabed soil properties

Young’s modulus (Es) 2.66 × 107 N/m2

Shear modulus (Gs) 1.0 × 107 N/m2

Permeability (ks) 10−4 m/s

Porosity (ns) 0.425

Degree of saturation (S r) 98.4%

Poisson’s ratio (µs) 0.33

5.1. Maximum horizontal velocity436

Figure 14 shows the vertical distributions of the maximum horizontal velocity at four loca-437

tions (A, B, C and D, referring to Figure 12) when the wave condition is T =6 s, Hw =2 m and d438

=10 m. All four locations are either centrally upward or centrally downward the fixed platform439

(i.e., y =0 m). Among these, two locations are away from the structure (A and D) and the other440

two locations are closely adjacent to the structure (B and C). In this case, three currents con-441

ditions were considered, which are a condition without currents, a condition with currents that442
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flow in the same direction as wave propagation, and a condition with currents that are contrary443

to wave propagation. In the conditions with the presence of currents, the magnitude of currents444

velocity is 1 m/s. It is found that the presence of currents significantly amplify the maximum445

horizontal velocity at all four locations, especially the co-currents. There is a sudden decrease446

in the maximum horizontal velocity when z is less than 3 m. It is due to the blockage effect447

from the gravity-base foundation of the platform, whose thickness is 3 m. It is noted that since448

the bottom boundary of the wave model is set as fixed value of 0, the horizontal velocity at z =0449

is always 0.450
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Figure 14: The influence of currents on vertical distribution of the maximum horizontal velocity when T =6 s, Hw

=2 m and d =10 m.

5.2. Streamlines451

As indicated in Figure 15, two slices (i.e., y =0 m and y =-2.5 m) are selected to present452

the streamlines that trace out the moving paths of the flow particles around the structure, where453

the results are shown in Figure 16. Time steps from t =28.2 s to t =31.5 s are presented,454

which a wave crest is about to pass the platform. For y =0 m plane, the maximum velocity455

appears underneath and at the corner of the deck of the platform. It is also observed that there456

is large vortex under the deck when the wave through/crest is passing the structure at t =28.2457
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s and t =31.5 s. For the plane that cut through the front piles (y =-2.5 m), the streamlines are458

discontinuous due to the blockage of the piles. Vortexes are found to be appearing at the front459

and back corners of the pile in contact with the plate.460

Figure 15: The illustration of the planes that selected for the representation of streamlines around the structure.

(a) y =0 m

(b) y =-2.5 m

Figure 16: Snapshots of the streamlines around the platform when a wave crest pass through in the condition of T

=6 s, Hw =2 m, d =10 m.

5.3. Free water surface and hydrodynamic pressures461

It is common to design the deck of the offshore platform to be above the maximum estimated462

water free surface level, however, the water level may rise, or the GBS offshore platform experi-463

ences the settlements under its self-weight, resulting in insufficient deck height and occurrence464
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of wave over-topping on the structure. Therefore, for safety assessment purposes, it is partic-465

ularly important to examine the impact on the stability of the GBS platform that induced by466

the wave over-topping over the platform deck, which includes the surrounding hydrodynamics,467

wave forces on the structure and the liquefaction of the surrounding seabed.468

The processes of the wave-structure interactions when a wave crest passes through the fixed469

offshore platform are presented in Figure 17 and 18. The wave conditions in both figures are470

the same with the wave heights equal to 4 m, water depths equal to 10 m and the wave periods471

equal to 6 s. However, the fixed platform in Figure 17 is 13 m high where wave over-topping472

crossing the platform takes place, while the height of the platform in Figure 18 is 15 m to ensure473

the waves propagate without hitting the deck of the platform. The free water surface shows that474

a wave trough passes the structure at t =28.2 s and a wave crest is just about to hit the structure475

at t =30.1 s. The crest passes the structure at t =31.5 s when the wave over-topping occurs in476

Figure 17 accompanied by processes of the decreasing of the wave transmission and the passing477

of water over the structure. The hydrodynamic pressure on the seabed surface and free water478

surface are also displaced in these two figures, the highest and lowest hydrodynamic pressure479

appear at the wave crest and wave trough, respectively.480

Figure 17: Snapshots of wave-structure interactions when wave over-topping crossing the platform in condition of

T =6 s, Hw =4 m, d =10 m, height of the platform =13 m.

Figure 18: Snapshots of wave-structure interactions when wave crests are below the platform in the condition of T

=6 s, Hw =4 m, d =10 m, height of the platform =15 m.
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5.4. Wave forces481

Wave forces acting on an offshore structure is one of key parameters for the design of the482

offshore system. In this section, we further examine the effects of over-topping on the wave483

forces acting on the GBS offshore structure. Figure 19 illustrates the magnitude of wave forces484

that acting on the left flanks of the fixed GBS offshore platform for:485

• Case 1: the case with wave over-topping crossing the platform deck.486

• Case 2: the case without wave over-topping crossing the platform deck.487

The difference of wave forces between two cases (∆F) is shown in the red line. It can be488

observed from the figure that the platform is subjected to periodic wave loading with maximum489

amplitude almost up to 1000 kN when the wave over-topping crossing the deck of the platform is490

taking place. It is clear that the presence or absence of wave over-topping is also significant for491

the peak values of wave forces on the structure during wave troughs and wave crests, especially492

during wave crests when waves hitting the platform deck. For the case with wave over-topping,493

the wave forces acting on the platform increase by 15% to 30% comparing to the case without494

occurrence of wave over-topping. The maximum extra wave force is in excess of 200 kN, which495

could be fatal to the stability of the structure.496
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Figure 19: The comparison of wave forces on the structure between cases with wave over-topping and without

wave over-topping. (∆F = Fwith over-topping − Fwithout over-topping) (Hw =4 m, T =6 s, d =10 m).
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5.5. The process of seabed consolidation497

In the early stage of the theoretical development for the wave-induced seabed response in498

a porous seabed, most researchers didn’t consider the process of seabed consolidation in the499

estimation of the seabed liquefaction (Jeng, 1997). In fact, the seabed foundation will undergo500

a process of consolidation before the dynamic wave loading arriving at the structure. In gen-501

eral, the consolidation process is induced by the self-weight of upside gravity-type structure and502

hydro-static pressure. This is accompanied by the dissipation of excess pore-water pressure, the503

increase of effective stress and the settlement of soil within the seabed near the structure, as504

shown in Figure 20. Time series results represent different processes for various shear modulus505

of seabed (i.e., Gs =3.76 × 106 N/m2, Gs =1.00 × 107 N/m2 and Gs =1.88 × 107 N/m2), in which506

values were probed at a point that is 4 m below the center of the gravity-based foundation (x507

=75 m, y =0 m, z =-4 m). The selected Gs values are within the typical range of loose to medium508

sandy soil (Kulhawy and Mayne, 1990). It is found from the figure that the weight of the fixed509

platform is initially borne by the excess pore-water pressures, and gradually transfers to the510

effective stress between soil particles with the passage of time. Meanwhile, the soil skeleton511

under the structure experiences a compression and the structure subsides correspondingly. Nu-512

merical results also show that the shear modulus of seabed (Gs) has significant effect on the513

consolidation process. The increment of vertical effective stress and vertical displacement of514

soil are larger in the seabed with low shear modulus. The displacement field of soil is particu-515

larly affected by shear modulus, the vertical displacement of soil with Gs =3.76 × 106 N/m2 is516

nearly 10 times that of soil with Gs =1.88 × 107 N/m2. For other parameters like soil permeabil-517

ity ks and degree of saturation S r, Ye et al. (2012) pointed out that they do not have influence518

on the final state of consolidation process.519

When the excess pore pressure in the seabed dissipates completely, the seabed eventually520

reaches a new equilibrium state, in which the effective stresses in the soil around the structure521

are significantly increased. The new stress state is used as the initial condition for the dynamic522

analysis of soil response under wave/current loading. The soil liquefies when the excess pore523

pressure caused by wave loading is greater than mean initial effective stress (Jeng, 1997) and524

the consolidation process increases the initial effective stress in the seabed. Therefore, ignoring525

the consolidation analysis can cause an overestimation of soil liquefaction around the structure.526
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Figure 20: The process of seabed consolidation under the weight of fixed GBS offshore platform for various shear

modulus: Gs =3.76 × 106 N/m2, Gs =1.00 × 107 N/m2 and Gs =1.88 × 107 N/m2 at the location: x =75 m, y =0 m,

z =-4 m.
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Therefore, it is vital to study the consolidation process and determine the new effective stress527

state before conducting the dynamic analysis. Figure 21 presents the distribution of mean ef-528

fective stress σ′s0 that induced by the structure weight in the x − z plane below the center of the529

fixed platform after the completion of consolidation process. It is noted that the compression of530

soil is taken as negative value in the present study. As revealed in the figure, the mean effective531

stress increases significantly in the region just below the structure, while the area that is far532

away from the structure has not been disturbed.533

Figure 21: The distribution of the structure gravity-induced mean effective stress σ′s0 on the x − z plane (y =0 m)

after the consolidation process has completed.

Figure 22 shows the distribution of structure gravity-induced shear stress τsxy on the x − y534

plane at the structure bottom level (z =0 m) after the consolidation process has completed. It is535

observed that the distribution of τsxy is completely symmetrical and concentrates at the vertices536

of the structure base. The geometrical irregularity (i.e., sharp corners) may be one of the reasons537

that causes the stress increasing around corners and therefore the soil in these regions is more538

likely to be subjected to shear failure. Figure 23 illustrates the soil displacement field that539

caused by the compression of fixed platform. It is observed that the main settlement occurs near540

the bottom of the structure with the maximum vertical displacement nearly 27cm. The seabed541

in the far field does not deform. At the same time, due to the extruding force from the structure,542

the soil around the base edge move horizontally and symmetrically, however, the amplitude is543

not large compared with the vertical displacement, the maximum value is only less than 4 cm.544
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Figure 22: The distribution of the structure gravity-induced shear stress τsxy on the x − y plane (z =0 m) after the

consolidation process has completed.

Figure 23: The distribution of the structure gravity-induced soil displacement in the x- and z- directions after the

consolidation process has completed.
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5.6. Dynamic seabed responses545

After the seabed consolidation process is completed, the dynamic analysis of the wave-546

induced seabed responses around the GBS offshore platform is carried out. Figure 24 presents547

the distribution of the pore pressure (ps) that caused by the dynamic wave loading within the548

seabed near the structure. It is clearly seen that an obvious variations of the pore pressures in549

front of the GBS platform appears when the wave crest (Figure 24(a)) or wave trough (Fig-550

ure 24(b)) approaching the structure. A larger excess pore pressure caused by the wave trough551

at this area may result in the increase of seabed instability potential (i.e., liquefaction).552

(a) wave crest (b) wave trough

Figure 24: The distribution of the pore pressure in the seabed around the GBS offshore platform.

The dynamic wave loading also causes the corresponding reactions of the effective stresses553

within the seabed. From Figure 25, tensile effective normal stresses (the compression stress554

is defined as negative) are found under the wave trough, especially the σ′z, whose magnitude555

almost reach up to 5 kPa. Such wave-induced effective normal stress in tension could cause556

seabed to be liquefied when its magnitude is greater than the initial effective normal stress557

(Okusa, 1985). Furthermore, the wave-induced shear stress τxz is found in the middle depth of558

the seabed between the wave crest and wave trough. Moreover, it is observed that the wave-559

induced shear stress concentrates beneath the GBS, which could be another dangerous factor560

causing the seabed foundation instability (i.e., shear failure). The potential of shear failure of561

seabed near the GBS will be discussed in detail in the following section.562
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Figure 25: The distribution of the effective stresses in the seabed around the GBS offshore platform.

5.7. Liquefaction and Shear failure563

5.7.1. Wave-induced instantaneous liquefaction564

The present model focuses on the momentary liquefaction in the seabed, which is not able565

to predict the plastic behavior of the soil, such as the build-up of pore pressure. However, it566

still provides the first-hand approximation of the seabed stability for the practical engineering.567

The three-dimensional liquefaction criterion proposed by Jeng (1997) is used to investigate the568

three-dimensional momentary liquefaction in the seabed foundation.569

ps − pw0 ≥ −
1 + 2K0

3
(γs − γw)z (18)

where ps and pw0 are the pore pressure in the seabed and hydrodynamic pressure acting on570

the seabed surface, respectively; γs and γw are the unit weight of soil and water, respectively;571

K0 is the lateral earth pressure coefficient. The left-hand side of (18) represents the excess572

pore pressure in the seabed and the right-hand side of (18) represents the average of the initial573

effective stresses.574

It is noted that the above criterion is only valid for the case without a structure. As discussed575
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previously, the existence of a structure significantly changes the effective stress around the576

structure. Therefore, Equation (18) is modified in this study as:577

ps − pw0 ≥ σ
′
s0 (19)

in which σ′s0 is the initial mean effective stress after completion of the consolidation process.578

σ′s0 is calculated as: (σ′x0 + σ′y0 + σ′z0)/3. Equation (19) means that the soil reaches a liquefied579

state when the wave-induced excess pore pressure is equal or greater than the average of initial580

effective stresses.581

The liquefaction zones around the fixed GBS offshore platform at three time steps are shown582

in Figure 26. The case in Figure 17 is selected here with the Hw =4 m when wave over-topping583

takes place, the up panel shows 3D views of liquefaction zones around the gravity-base founda-584

tion and the below panel shows 2D projected contours on x - y plane. As can be seen from the585

figures, when the wave trough passes the structure at t =28.2 s, the liquefaction occurs around586

the structure, in which the depth of liquefaction in the soil immediately surrounding the base587

foundation is particularly large, the largest liquefaction depth reaches up to 0.6 m. Whereas588

there is no liquefaction of seabed under the wave crests. The liquefaction occurs next behind589

the structure when the wave crest reaches the front flank of the structure at t =30.1 s. The dis-590

tribution of the liquefaction depth is the largest near the rear flank of the base and gradually591

decreases to both sides and backwards. When the wave over-topping takes place at t =31.5 s,592

there is no liquefaction around the structure, and the liquefaction zone facing across the behind593

of the structure has a slight decreasing trend.594

A slice of x − z plane under the platform (y =0) is extracted to compare the impact of wave595

over-topping crossing the structure and the wave height on the transient liquefaction depth at t596

=33 s, which is shown in Figure 27. Comparing the red solid line and the blue dashed line, it597

is found that the overall influence of the wave over-topping on the development of liquefaction598

area is not quite obvious, but it still causes a mild increase of the liquefaction depth in front of599

the platform. This is due to the interactions between the wave crest and the platform deck makes600

the flow field in front of the structure more intense. In addition, it is found that the wave height601

has prominent effects on the wave-induced transient liquefaction in the seabed, which the 4 m602

wave height cause nearly twice the depth of liquefaction in front of the structure compared to a603
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Figure 26: The liquefaction zones around the structure at three time steps (i.e., t =28.2 s, t =30.1 s, t =31.5 s) when

a wave crest over-topping crossing the GBS platform. (T =6 s, Hw =4 m, d =10 m)

2 m wave height. It is also found that when the wave trough reached the front of the structure604

at t =33 s, the liquefaction depth increases obviously here compared with other places. For605

example, a wave height of 2 m causes little instantaneous liquefaction in the seabed away from606

the structure, but causes a depth of liquefaction over 0.5 m in front of the structure.607
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Figure 27: The comparison of wave-induced instantaneous liquefaction depth for cases: (1) Hw =4 m, height of the

platform =13 m (with wave over-topping); (2) Hw =4 m, height of the platform =15 m (without wave over-topping);

(3) Hw =2 m, height of the platform =13 m (without wave over-topping) on x − z plane (y =0 m) at t =33 s.
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5.7.2. Wave-induced shear failure608

Shear failure may occur in a seabed considering the large self-weight of the GBS platform.609

Based on Mohr-Coulomb’s failure criterion, the seabed is at a risk of shear failure when the610

stress angle (ψ) is identical or greater than the internal friction angle of soil (ψu):611

ψ ≥ ψu, (20)

in which the value of ψu is between 30 – 35 degrees for sand and 35 – 40 degrees for small612

gravels (Jeng, 1997).613

The shear strength characteristics of the soil can be expressed by the angle stress (ψ), which614

is calculated as:615

ψ = arcsin
 √

3m cos Z

m sin Z −
√

2n

, (21)

where616

m =

√√(
σ̄′x − σ̄

′
y

)2
+

(
σ̄′x − σ̄

′
z

)2
+

(
σ̄′y − σ̄

′
z

)2
+ 6

(
τ̄2

xy + τ̄2
xz + τ̄2

yz

)
3

, (22a)

n =
1
√

3

(
σ̄′x + σ̄′y + σ̄′z

)
, (22b)

Z =
1
3

arcsin
−3
√

6J
m3

, (22c)

in which σ̄′x, σ̄
′
y, σ̄

′
z, τ̄xy, τ̄xz and τ̄yz are the effective stresses, which consist of the initial effective617

stresses after the consolidation process and the wave-induced effective stresses:618

σ̄′x = σ′x0 + σ′x, σ̄′y = σ′y0 + σ′y, σ̄′z = σ′z0 + σ′z, (23a)

τ̄xy = τxy0 + τxy, τ̄xz = τxz0 + τxz, τ̄yz = τyz0 + τyz. (23b)
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J is calculated as:619

J = S xS yS z − S xτ̄
2
yz − S yτ̄

2
xz − S zτ̄

2
xy + 2τ̄2

xzτ̄
2
yzτ̄

2
xy (24)

in which620

S x =
2σ̄′x − σ̄

′
y − σ̄

′
z

3
S y =

2σ̄′y − σ̄
′
x − σ̄

′
z

3
S z =

2σ̄′z − σ̄
′
x − σ̄

′
y

3
(25)

Figure 28 shows the distribution of the stress angle (ψ) in the seabed of a x–z plane beneath621

the GBS platform at t =33 s. Due to the self-weight of the GBS platform on the seabed, the622

computed angle of stress beneath the structure is larger than the one in other places. It means623

that the stress level here is more close to the shear failure state according to Mohr-Coulomb’s624

failure criterion. If the internal friction angle (ψu) of the seabed is assumed to be 35 degree625

in this case, shear failure may occur in the area above the magenta curve (i.e., ψ =40 degree).626

Therefore, seabed improvement such as a bedding layer of concrete blocks is desired during the627

design of seabed foundation in the practice engineering (Jeng, 1997)628
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Figure 28: The distribution of the stress angle (ψ) in degree of a x - z plane in the seabed beneath the GBS structure

at t =33 s.
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6. The protection system for the GBS offshore platform629

In this section, a protection system that consists of an array of piles is proposed. Five630

cylindrical concrete piles with a radius of 1 m and column spacing of 0.5 m are installed across631

the sea floor 5 m in front of the structure. It is noted that the location of the pile array should632

always be the up-drift of the structure depending on the main direction of wave propagating in633

a specific sea area through out the year. In this study, even if the 3D model is adopted, only the634

oncoming incident waves/currents in a single direction are considered here. The influence of635

the incident wave in other directions can be obtained by using the present model, which can be636

further simulated in the subsequent study. The concept of this protection system is to alter the637

waves transformation before they reach the fixed GBS offshore platform. This will reduce the638

hydrodynamic pressures in the critical area in the vicinity of the structure as well as the wave639

forces that acting on the structure. Adopting such a system can effectively reduce the threat640

of the main structure from the ocean loading and increase its surrounding seabed foundation641

stability by the sacrifice of the secondary structure (i.e., the protection system). Therefore, the642

maintenance cost of the main structure is greatly reduced.643

Figure 29: The demonstration of the protection piles in front of the main structure.

6.1. The impact of the protection system644

The impact of the proposed protection system on the hydrodynamic properties is firstly645

examined by comparing the free surface elevation in front of and behind the piles, whose results646

are shown in Figure 30. It is observed that the amplitude of elevation is significantly reduced by647

the interference of the piles, the mean decrement is around 41%. The red solid line in this figure648

represents the water surface elevation difference (∆η), which the maximum difference can be649
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as high as 1.4 m. The non-linearity at the crests and troughs that caused by the interactions650

between waves and piles can be clearly observed.651
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Figure 30: Free surface elevation in front of and behind the protections piles.

Another comparison is made for the hydrodynamic pressures acting on the seabed surface652

at adjoining locations in front of and behind the protection piles, as illustrated in Figure 31.653

The existence of the protection piles can effectively reduce the hydrodynamic pressures acting654

on the seabed surface behind the piles. As shown in the red solid line, the difference of the655

hydrodynamic pressure at these two locations reaches up to 3.6 kPa. The numerical results656

prove that the proposed protection system has a notably influence on the surrounding flow field657

and can effectively reduce the flow intensity behind it by dissipating wave energy and achieve658

the purpose of protecting the main structure.659

In order to better reveal the influence of the protection system on the hydrodynamic pres-660

sures that acting on the seabed in the vicinity of the main structure, the location in front of661

the fixed platform (i.e., x =68 m) is selected to compare the results between the case with the662
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Figure 31: The hydrodynamic pressures in front of and behind the protection piles.
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protection piles and the case without the protection piles. It is found from Figure 32 that the re-663

duction of the hydrodynamic pressure caused by the protection piles is over 10% of the original664

amplitude of hydrodynamic pressure in the case without the protection.665
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Figure 32: The comparison of hydrodynamic pressure between the case with protection piles and without protec-

tion piles in front of the fixed GBS offshore platform.

6.2. The protection efficiency on the seabed foundation stability666

An alternative conceptual design of a special-shape protection pile is proposed in this sec-667

tion, as shown in Figure 33. Unlike the cylindrical pile in the previous example, the surface of668

this form of pile has inverted concave curved surfaces and four sharp angle. The application669

of the special-shape pile is still in its infancy, however, it has the potential to greatly improve670

the protection effectiveness on the seabed foundation stability surrounding the main structure.671

Therefore, the special-shape pile is only used here for a supplement to the comparison with the672

conventional round-shape pile. The protective effect of two types of piles will be examined673

below.674

Figure 34 illustrates the maximum liquefaction depth and the instantaneous liquefaction at675

t =33 s in the seabed foundation for three cases:676

(1) Case 1: the case without a protection system;677

(2) Case 2: the case with the cylindrical protection piles;678

(3) Case 3: the case with the protection piles that have the cross section of the four-pointed679

star.680
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Figure 33: The sketch of a variation of the protection pile.

The slice is selected as the seabed below the center of the fixed platform, the dashed box681

represents the position of the structure base, and the red hexagram represents the position of682

the protection piles. It is observed that the largest liquefaction depth appearing at the foot of683

the structure base, whose magnitude reaches over 0.5 m. The existence of protection piles can684

effectively reduce the maximum depth of liquefaction in the area between the protection piles685

and the structure for both the maximum liquefaction depth and the transient liquefaction depth,686

especially for Case 3, whose hetero-shaped piles provide better protection due to the ability687

to dissipate more wave energy. Comparing Case 1 and Case 2, the maximum liquefaction688

depth between the protection piles and the GBS reduces around 15.4%. Another finding is an689

increase in the depth of liquefaction in front of the protection piles as well as the occurrence690

of liquefaction beneath the protection piles, however, this area is not as critical to the structure691

stability as those near the foot of the main structure. Regarding to the stability of the protection692

structure itself, on the one hand, the impact of liquefaction on the piled foundation is obviously693

less comparing with the gravity structure that is placed on the seabed surface due to the large694

embedding depth. On the other hand, as a ”sacrificial structure”, the cost and skilled labor695

required for the construction and maintenance of the protection piles is greatly lower than that696

of the main structure.697

In addition to the influence on the maximum liquefaction depth in the seabed, the wave force698
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Figure 34: The maximum liquefaction depth and instantaneous liquefaction at t =33 s in the seabed foundation

for cases: (1) Case 1, without a protection; (2) Case 2, with cylindrical protection piles; and (3) Case 3, with

hetero-shaped protection piles when Hw =2 m, T =6 s, d =10 m and ks =10−4 m/s.

acting the structure is re-examined, as shown in Figure 35. Case 1 where no protection system699

applied is used as the standard value to calculate the wave force difference: ∆F = FCase2/3 −700

FCase1. The protection piles arranged in the upstream of the main structure can effectively reduce701

the wave forces acting on the structure, and the hetero-shaped piles (i.e., Case 3) have the best702

effect. The maximum reduced wave forces in Case 2 and Cases 3 reach over 50 kN and 100703

kN, respectively. It can be seen that the protection piles can not only reduce the liquefaction of704

the seabed, but also reduce the wave forces acting directly on the structure, so as to improve the705

stability of the main structure.706
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Figure 35: The impact of the protection piles on the wave forces that acting on the structure.
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6.3. Parametric study707

In this section, the influence of several important parameters, i.e., wave height Hw, current708

velocity U0 and soil permeability ks, the location of the protection piles and the spacing of the709

protection piles on the maximum liquefaction depth in the seabed foundation are examined. For710

each variable studied in this section, the results for both cases with and without the protection711

system are presented. The effects of other parameters like water depth, wave period and shear712

modulus etc. are not presented here due to the length of the paper, but can refer to previous713

work by the authors and other researchers (Cui and Jeng, 2021; Zhao et al., 2021).714

6.3.1. Wave height715

The impacts of a series of wave heights (Hw =2 m, 4 m and 6 m) on the maximum liq-716

uefaction depth in the seabed foundation are presented in Figure 36. When the water depth717

(d =10 m) and the wave period (T =6 s) are kept constant, the larger wave height causes the718

larger maximum depth of the liquefaction. Note that the liquefaction zone does not appear in719

the seabed below the platform because the initial effective stress at this region is much higher720

compared to other areas. Comparing Figure 36(a) and 36(b), the protection piles significantly721

reduce the maximum liquefaction depth at the foot of the GBS platform. It is interesting to find722

that the liquefaction depth behind the platform is dramatically reduced for the wave height of723

6 m in Figure 36(a). Authors speculate that the wave breaking has occurred after encountering724

the platform since the wave with Hw =6 m is near the critical state of wave breaking (i.e., Hw/L725

=0.124).726

6.3.2. Current velocity727

Figure 37 illustrates the distribution of the maximum liquefaction zones in the seabed foun-728

dation under three current conditions (U0 =0, 1 m/s and -1 m/s). It is noted that a typical example729

of the current traveling in the opposite direction of the wave propagation is the rip current, which730

is a strong seaward flow that travels outward to offshore zone in a direction perpendicular to or731

nearly perpendicular to the shoreline. It is found that the maximum liquefaction depth is more732

significant when there is co-currents presented in the flow field. While the counter-currents can733

prevent the structure instability from the damage of foundation liquefaction, especially in the734

area in front of the platform.735
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Figure 36: The influence of various wave heights Hw (i.e., 2 m, 4 m and 6 m) on the maximum liquefaction depth

in the seabed foundation when T =6 s and d =10 m.
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Figure 37: The influence of various current velocity U0 (i.e., the currents are not presented, 1 m/s co-currents and

1 m/s counter-currents) on the maximum liquefaction depth in the seabed foundation when Hw =2 m, T =6 s and d

=10 m.

Cui, Jeng & Liu Page 46 of 59



6.3.3. Seabed permeability736

Soil permeability is an important indicator to measure the rate of transmission of fluid737

through the void of the soil skeleton and the drainage capacity of the seabed. Therefore, dif-738

ferent soil permeability may have great impact on the seabed stability. Figure 38 presents the739

influence of various soil permeability (1.0×10−4 m/s, 1.0×10−5 m/s and ks =1.0×10−6) on the740

maximum liquefaction depth in the seabed. It is found that the maximum liquefaction depth741

increases with the decreasing of the soil permeability. However, comparing the seabed with ks742

=1.0×10−4 and ks =1.0×10−5, the liquefaction depth increases very little, which proves that the743

maximum liquefaction depth does not increase infinitely with the decrease of soil permeability.744

In addition, the maximum liquefaction depth near the structure is found approximately the same745

in all three cases.746
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Figure 38: The influence of various soil permeability ks (i.e., 1.0×10−3 m/s, 1.0×10−5 m/s and 1.0×10−6 m/s) on

the maximum liquefaction depth in the seabed foundation when Hw =2 m, T =6 s and d =10 m.

6.3.4. The location and the spacing of the protection piles747

The effect of protection pile shape on the protection efficiency of seabed liquefaction has748

been discussed in the previous section. Similarly, the distance between the protection piles and749

the GBS platform also has an impact on the protecting effect, as well as the column spacing of750

the protection piles. In the following part, the maximum wave-induced transient liquefaction751

depth in the area between the protection piles and the structure (referring to Figure 39) for752

various arrangement settings of the protection piles are discussed.753
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Figure 39: The sketch of the top-view of the GBS platform-protection system.

In Figure 40, abscissa Distance and Spacing represent the distance between the protection754

piles and the front side of the GBS platform and the column spacing between the two adjacent755

piles respectively, as illustrated in Figure 39. Three Distance schemes are set: 1D, 2D and 3D;756

three Spacing schemes are set: 0.25D, 0.5D and 1D, in which D represents the diameter of the757

pile (2 m in this case). Firstly, it is obvious to see that the protection piles can significantly758

decrease the maximum liquefaction depth in front of the GBS platform. For Hw =4 m, the759

maximum depths of liquefaction reduce 40% and 26% when the Distance is 1D and the Spacing760

is 0.25D comparing with the results with no protection presented. When the Distance and761

the Spacing increase, the protecting effect on the front area of the platform decrease and the762

maximum liquefaction depths start to increase. It is noted that the piles provide little protection763

when the column spacing is larger than the diameter of the piles due to the strong diffraction764

effect. In addition, it can also been observed from the figures that the protection piles can765

provide better protecting effect in the case of larger wave height.766
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Figure 40: The influence of: (a) the location of the protection piles; and (b) the spacing of the protection piles on

the maximum liquefaction depth in the area between the protection piles and the structure for Hw =2 m and 4 m.

7. Conclusions767

In this study, based on the VARANS equations and Biot’s consolidation equations, an in-768

tegrated three-dimensional numerical model has been applied to investigate the FSSI around a769

fixed GBS offshore platform. Good agreement of the numerical results with existing analytical770

solutions and experimental data confirms that the present model is capable of the investigation.771

Mesh convergence tests have been carried out to obtain the optimal grid schemes while ensuring772

the reliability of the results. Based on the numerical results, the following conclusions can be773

drawn:774

1. The FSSI around the fixed GBS offshore platform have been performed, including the775

results of the hydrodynamics around the structure, the wave forces acting on the struc-776

ture, the consolidation process, the dynamic seabed responses, the momentary seabed777

liquefaction and shear failure. Some specific conclusions are listed:778

• Large vortex appears under the deck of the platform when wave crest and trough779

passing through the platform. The maximum horizontal velocity in the flow field is780
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greatly amplified by the presence of the currents.781

• When wave over-topping occurs, the wave forces that acting on the structure dra-782

matically increase when the wave crests hit the deck of the platform, the increment783

reaches up to 30% comparing to the case without the occurrence of wave over-784

topping. Moreover, the liquefaction depth in front of the platform increase a little785

bit due to the wave crest hitting the deck.786

• The stresses increase underneath the GBS foundation due to the compression from787

the self-weight of the platform, thus, the liquefaction is less likely to happen in788

this area. In addition, the shear modulus is found to have significant effect on the789

consolidation state. This implies that the initial vertical effective stress and soil790

displacement are larger in the seabed with low shear modulus.791

• The maximum momentary liquefaction depth of the seabed that in the vicinity of the792

gravity-based foundation is particularly large, while there is no liquefaction occurs793

underneath the structure.794

• The stress angle beneath the GBS structure is greater than the internal friction angle795

of soil, indicating the shear failure zone could occur in this region due to large self-796

weight of the structure.797

2. The proposed protection system shows the admiring protective potential. Comparing798

with the case without the protection, the free surface elevation decreases around 41%,799

the hydrodynamic pressure reduces over 10%, the wave forces drops down over 50 kN800

and the maximum liquefaction depth reduces about 15.4% at the foot of the gravity-based801

foundation. The variation of the protection system with the special-shape piles provides802

an even better protective efficiency.803

3. A series of parametric studies are carried out. Some conclusions are revealed as:804

• The wave height and current velocity can significantly affect the liquefaction zones805

around the GBS platform, in which a larger wave height causes a deeper liquefaction806

zone; the co-currents increase the liquefaction depth while the counter-currents can807

prevent the development of the liquefaction.808
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• The maximum liquefaction depth near the structure is found approximately the same809

in seabed with different soil permeability.810

• When the distance that is between the protection piles and the GBS platform and811

the column spacing of the piles increase, the protecting effect decreases and the812

maximum liquefaction depth at the foot of the GBS increases.813

It is important to note the limitations of this work, which could be a guidance for the path814

of future research. In this study, the wave-induced seabed responses are solved by the Biot’s815

consolidation equations, in which the inertial terms associated with soil particles and pore fluid816

are ignored. The inclusion of the inertial terms becomes necessary if a highly permeable seabed817

or the high frequency load such as seismic loading is considered in future work. Moreover, the818

elastic model limits the capability of simulating the soil responses. An elasto-plastic constitutive819

model is desired for reproducing soil behaviors such as permanent displacement and progressive820

liquefaction phenomenon. The present model only predict the possibility of the wave-induced821

instantaneous liquefaction zone based on the used liquefaction criterion, a study of the soil822

behavior after the liquefaction occurs could be another possible future work.823
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namic behaviour assumptions in soils. Géotechnique 30, 385–395. doi:10.1680/geot.1018

1980.30.4.385.1019

Cui, Jeng & Liu Page 59 of 59

http://dx.doi.org/10.1680/geot.1980.30.4.385
http://dx.doi.org/10.1680/geot.1980.30.4.385
http://dx.doi.org/10.1680/geot.1980.30.4.385

	Introduction
	Theoretical model
	Hydrodynamic sub-model
	Seabed sub-model
	Workflow of the simulation

	Model validations
	Validation #1: Comparison of pore-water pressures with 1-D compressive tests Liu:2015p207
	Validation #2: Comparison of wave forces with wave tests Zang:2010p1
	Validation #3: Comparison of pore-water pressure around single mono-pile with wave tests Wang:2019jmse237

	Mesh convergence tests
	Wave-structure-seabed interactions
	Maximum horizontal velocity
	Streamlines
	Free water surface and hydrodynamic pressures
	Wave forces
	The process of seabed consolidation
	Dynamic seabed responses
	Liquefaction and Shear failure
	Wave-induced instantaneous liquefaction
	Wave-induced shear failure


	The protection system for the GBS offshore platform
	The impact of the protection system
	The protection efficiency on the seabed foundation stability
	Parametric study
	Wave height
	Current velocity
	Seabed permeability
	The location and the spacing of the protection piles


	Conclusions

