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ABSTRACT
Wave-induced liquefaction depth is a key factor in providing the safe design of submarine pipe-
lines. However, existing numerical studies simplify the seabed as a flat foundation and ignore the
effect of scour depth on wave-induced seabed response and liquefaction depth. The effects of
scour depth on wave-induced seabed response and liquefaction depth around a submarine pipe-
line are investigated, and a three-dimensional hybrid model combining Reynolds-averaged Navier-
Stokes (RANS) equations with Biot’s poroelastic theory for wave propagation and anisotropic sea-
bed is proposed in this study. Numerical results indicate that local scour leads to the redistribution
of the initial effective stress within the seabed around the pipeline. With increasing scour depths,
the maximum liquefaction depth beneath the pipeline simultaneously decreases. When the scour
depth reaches a certain depth, the seabed seems to no longer liquefy. Parametric studies indicate
that the liquefaction depth increases by either decreasing the saturation degree or increasing the
wave height. Under anisotropic seabed conditions, a nonlinear relationship exists between the
maximum liquefaction depth of the seabed and the seabed permeability.
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1. Introduction

Submarine pipelines are among the most common marine
engineering structures and are widely used to transport oil
and gas in the offshore industry. When a static submarine
pipeline is laid upon an erodible noncohesive porous seabed
and subjected to ocean waves or currents, there is every
probability that seabed liquefaction and local scour occur
around the pipeline due to hydrodynamic loadings. When
the liquefaction depth becomes larger, the pipeline starts to
sag. The pipeline is susceptible to wave-induced instability
and large bending induced leakage. Hence, the evaluation of
the wave-induced seabed response and maximum liquefac-
tion depth around a pipeline has gained much attention
from submarine pipeline designers and researchers (Veritas
2010; Sumer and Mutlu 2014; Gao, Wang, and Li 2016).

When waves propagate over a porous seabed, the soil skel-
eton is subjected to wave-induced hydrodynamic pressure.
Once the upward seepage force produced by pore pressure
exceeds the effective self-weight of the overburdened soil, part
of the seabed may be liquefied (Huang et al. 2015; Zhang,
Huang, and Bao 2016; Zhang et al. 2019), thereby threatening
the stability of submarine pipelines. Based on Biot’s theory of
poroelasticity, Jeng, Rahman, and Lee (1999) developed a two-
dimensional FEM numerical model to study the wave-induced
seabed response. Zhou, Zhang, and Yan (2014) studied the
effect of anisotropic seabed behavior on the wave-induced

pore pressure response around a submarine pipeline, but it
was limited to two-dimensional cases. Liu et al. (2015) per-
formed a physical test to explore the effects of seabed charac-
teristics on the wave-induced pore pressure response. Their
results indicated that the influences of seabed characteristics
on the seabed response were considerable. Duan, Jeng, et al.
(2017) proposed a three-dimensional (3D) isotropic finite
element model to examine the effect of wave characteristics
on wave-induced transient liquefaction around a partially
buried pipeline. The numerical results suggested that the
change in the turbulent flow field would affect the liquefaction
depth. Li, Ong, and Tang (2018) analyzed the development of
pore pressure within the seabed around a gravity-based foun-
dation and argued that the influence of the initial effective
stress on pore pressure responses was significant. In summary,
these previous studies have shown that the turbulent flow
field, soil properties and initial effective stress affect the lique-
faction depth (hl) and the distribution of pore pressure.

Waves can create excess pore pressure within the seabed. It
is also inevitable that local scour would take place below the
pipeline due to the action of waves. However, most previous
investigations ignored the effect of local scour on the wave-
induced pore pressure response and liquefaction depth
around a pipeline. Experimental results indicated that, under
the action of waves or currents, the equilibrium stage of local
scour was reached in a short time (Mao 1986; Sumer, Mao,
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and Freds 1988; Sumer et al. 2001; Wu and Chiew 2012); then,
sediment transport reached a dynamic equilibrium (Mattioli
et al. 2012, 2013), but wave-induced pore pressure response
and transient liquefaction occurred throughout the entire life-
cycle of submarine pipelines (Jeng 2012). The effect of equilib-
rium scour depth on wave-induced pore pressure response has
not been clear, making it essential to assess the influence of
equilibrium scour depth on wave-induced pore pressure
response and liquefaction depth (Qi and Gao 2014). Previous
studies showed that the equilibrium scour depths were usually
0.5� 1.3 times the pipeline diameter (D) (Sumer and Fredsøe
2002; Gao et al. 2006; Fredsøe 2016). For practical purposes,
Fredsøe, Sumer, and Arnskov (1992) claimed that the equilib-
rium scour depths were 0.5� 0.6D in the pipeline safety design.
The influence of local scour on pore pressure responses is
mainly reflected in two aspects. On the one hand, local scour
will affect the turbulent flow field around the pipeline
(Gonzalez-Juez et al. 2010; Jung, Yoon, and Oceaneng 2016).
Wave pressure acting on the seabed surface will be changed for
various scour depths, thereby further affecting the distribution
of the pore pressure within the seabed. On the other hand, local
scour will also lead to significant perturbations of the initial
stress field within the seabed owing to missing soil around the
pipeline. Most previous investigations have not considered the
stress state after the equilibrium of scour is reached as the ini-
tial condition by assuming that no scour would occur around
the pipeline. This assumption makes the predictions of the
liquefaction depth of the seabed foundation doubtable.

The primary aim of this study is to investigate the wave-
induced oscillatory seabed response and maximum liquefac-
tion depth (hl) around a pipeline with different equilibrium
scour depths (Seq). The stress release caused by scour is con-
sidered. To meet this objective, a 3D integrated model is
proposed, in which Reynolds-averaged Navier-Stokes equa-
tions with the j-e turbulent model are adopted to describe
the nonlinear waves and an anisotropic seabed model is
used to simulate the dynamic response of the seabed. The
interaction between the fluid domain and seabed domain is
implemented by interface coupling using a unifying frame-
work of the finite volume method (FVM). Then, a series of
soil properties and wave properties studies are carried out to
elucidate the effects of anisotropic soil on the seabed
response and maximum liquefaction depth (hl).

2. Numerical model

As shown in Figure 1, the entire computational domain is
established in a typical Cartesian coordinate system. The

coupled integrated numerical model contains two submo-
dels: the wave model is adopted to simulate the wave
motion, and the anisotropic seabed model is adopted to cap-
ture the oscillatory soil response. In this figure, L is the
wavelength, hs is the seabed thickness, ls is the seabed
length, and OA is the observation point. The length of the
inlet relaxation zone is L. To diminish the wave reflection
from the outflow boundary, the length of the outlet relax-
ation zone is set to 2 L (Jacobsen, Fuhrman, and
Fredsøe 2012).

2.1. Wave model

The governing equations for simulating incompressible
Newtonian fluid motion are based on mass and momentum
conservation equations. The incompressible fluid motion
due to waves can be described by the Reynolds-averaged
Navier-Stokes equations.

ru ¼ 0 (1)

@u
@t

þ u ruð Þ ¼ � 1
q
rpf þ gþ 1

q
r l ruþ ruð ÞT

� �
þ s

h i

(2)

where u denotes the flow velocity; q represents fluid density;
t is time; pf is the fluid pressure; g represents the gravita-
tional acceleration vector and s is the Reynolds stress tensor
defined as:

s ¼ 2ltS�
2
3
qdk (3)

where the mean strain rate tensor S ¼ 1=2 ruþ ruð ÞT
� �

;
l denotes the dynamic viscosity; j is the turbulence kinetic
energy (TKE) and d represents the Kronecker delta.

The j-e turbulence model (Wilcox 1998) adopted in the
study can be expressed as:

@j
@t

þ u rjð Þ ¼ r lþ lt
rk

� �
rj

� �
þ Pk � qe (4)

@e
@t

þ u reð Þ ¼ r lþ lt
re

� �
re

� �
þ C1e

e
j
Pk � C2eq

e2

j
(5)

where Pk ¼ lt ru : ruþ ruð ÞT
� �h i

and lt ¼ qClj2=e
denotes the turbulent viscosity. The constant coefficients are
taken as Cl ¼ 0:09, rk ¼ 1:0, re ¼ 1:3, C1e ¼ 1:44
and C2e ¼ 1:92, as suggested by Wilcox (1998).

Figure 1. Definition sketch of the numerical model.
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2.2. Anisotropic Biot’s porous soil model

Biot’s poroelastic theory is generally acceptable to describe
the mechanical behavior of the compressible pore fluid flow-
ing in a porous medium, in which the soil is considered as
an anisotropic and heterogeneous medium. Based on Biot’s
poro-elastic theory, the Quasi-static momentum balance
equation can be expressed as follows:

r C :
1
2

rUþ rUð ÞT
� �� �

�rp ¼ 0 (6)

where C denotes the elastic stiffness tensor, p represents the
pore pressure and U is the soil displacement vector. The
matrix of the orthotropic elastic stress-strain relation can be
described as follows:

r0 ¼
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r0z
rxy
ryz
rxz
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1
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2
6666664
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7777775

exx
eyy
ezz
exy
eyz
exz

0
BBBBBB@

1
CCCCCCA

¼ C � e (7)

where r0 denotes the effective stress tensor and e is the soil
strain. According to the research of Demirdzic, Horman,
and Martinovic (2000), the nine nonzero independent coeffi-
cients Aij are calculated from the shear modulus Gi,
Poisson’s ratio �ij and Young’s modulus Ei as follows:

A11 ¼
1� �yz�zy

JEyEx
A22 ¼ 1� �xz�zx

JEzEx
A33 ¼

1� �yx�xy

JEyEx
(8)

A12 ¼
�xy þ �zy�xz

JExEz
A23 ¼

�yz þ �xy�xz

JExEy
A31 ¼

�xz þ �xy�yz

JEyEz
A44 ¼ 2Gxy

A55 ¼ 2Gzy

A66 ¼ 2Gzx

in which

J ¼ 1� �xy�yx � �yz�zy � �xz�zx � 2�xy�yz�xz
ExEyEz

(9)

The mass balance equation of the pore fluid can be
defined as follows:

ns
K0

@p
@t

� 1
cw

r � k � rpð Þ þ @

@t
r � Uð Þ ¼ 0 (10)

where ns denotes the soil porosity, cw is the unit weight of
the pore water and k represents the diagonal permeability
tensor with values of Kx, Ky and Kz: For unsaturated soil,
the combined flow of water and air in the pores is simply
considered as a single fluid, with the approximated bulk
modulus:

1
K 0 ¼

1
Kw

þ 1� Sr
Pa

(11)

where Kw denotes the true bulk modulus of pure water,
taken as 2� 109N=m2, according to Yamamoto et al.
(1978); Sr represents the degree of saturation and Pa is the
absolute hydrostatic pressure.

2.3. Boundary conditions

The entire numerical domain covers the range x ¼ 0 to x ¼
414 m in the horizontal direction, y¼ 0 to y ¼ 132 m and
z¼ �16 m to z ¼ 4 m in the vertical direction.

In the flow model, the fifth-order Stokes wave theory is
adopted for wave modelling. An active absorption boundary
similar to the work of Higuera, Lara, and Losada (2013) is
located in the outlet to ensure no wave reflection. At the
pipeline and seabed floor interface, a no-slip boundary is
adopted. At the free water surface, the pressure is equal to
the atmospheric pressure.

In the seabed domain, the pore pressure equals the
hydrodynamic pressure on the seabed extracted from the
flow model. The shear stresses and effective normal stresses
vanish at the wave-seabed interface. At the lateral bounda-
ries and bottom of the soil domain, the normal pore pres-
sure gradient vanishes in accordance with the
impermeability condition.

1. Wave-seabed interface: pb ¼ pw, where pw is the hydro-
dynamic pressure extracted from the flow model.

2. Lateral boundary: @ps=@x ¼ 0 and @ps=@y ¼ 0, where
ps is the pore pressure amplitude at a depth of
the seabed.

3. Bottom boundary: @ps=@z ¼ 0:

2.4. Integration process between the wave and
seabed models

In the present model, the wave model and soil model are
both developed utilizing the FVM within the framework of
OpenFOAM. To integrate the seabed model and the wave
model together at the interface, a matching mesh system is
adopted, which can transfer the dynamic wave pressure via
the common notes, and avoid generating linear interpolation
for every face center. Therefore, the present integrated
model is capable of simulating the wave-seabed interaction
more accurately (Lin et al. 2017).

3. Validation

To ensure the validity of the simulations, we validate the
integrated numerical model against the available experimen-
tal results in the published literature.

The first validation case for the distribution of the pore
pressure along the periphery of the pipeline is the laboratory
experiments carried out by Turcotte, Kulhawy, and Liu
(1984) in a wave tank with water depth H¼ 0:533 m: In the
experiment, the diameter of the pipeline was 0.168m with a
burial depth of 0.107m. The comparison of the numerical
results and experimental data of the pore pressure along the
periphery of the pipeline are plotted in Figure 2.

Figure 2 shows that at the two wave parameters, the
numerical results of the pore pressure reach good agreement
with the experimental data. This means that the model is
sufficiently accurate to capture the distribution of the pore
pressure along the periphery of the pipeline.

MARINE GEORESOURCES & GEOTECHNOLOGY 3



In the second validation, the seabed model without the
coupling wave model is validated with an experimental test
by Tsui et al. (1983) in a wave tank 24:7 m� 0:6 mð Þ: In
the experiment, the soil test site 1:7 m� 0:6 mð Þ was
located 13m from the wave generator. Pore pressure trans-
ducers were installed along the vertical axis of the test site.
The parameters adopted in the second validation are listed
in Table 1.

Figure 3 demonstrates the distribution of the normalized
pore pressure amplitude (ps=pb) along with the seabed thick-
ness (z=h). In Figure 3, the pore pressures obtained by
numerical simulations are generally close to those from
laboratory experiments. It is worth noting that a slight devi-
ation in the pore pressure within the seabed exists between
the numerical simulations and the experimental results,
mostly due to the change in the soil parameters during
the experiment.

In the third validation, the predicted wave-induced pore
pressures are compared with the laboratory measurements
of Liu et al. (2015). In their experiments, pore pressure
transducers installed in a sandy deposit measured the pore
pressure evolution in the sandy sediment at different depths.
The parameters adopted in the third validation are listed in
Table 2. The simulated results of the pore pressure within
the seabed in a time series are shown in Figure 4.

Figure 4(a,b) shows the verification of the time series of
the pore pressures at two pore pressure gauges located
6.7 cm and 26.7 cm from the seabed surface with the

experimental data. Figure 4 shows that the predicted pore
pressures agree well with the experimental data.

4. Numerical results and discussion

As previously mentioned, the main purpose of this paper is
to investigate the effect of the scour depth on the wave-
induced pore pressure response and maximum liquefaction
depth around a submarine pipeline. First, the effect of the
scour depth on the distributions of seabed initial effective
stresses is presented. Second, the effect of the scour depth
on the wave-induced pore pressure and maximum liquefac-
tion depth is studied. Finally, the effects of the wave charac-
teristics and seabed characteristics on the wave-induced pore
pressure response and maximum liquefaction depth are
investigated. We adopt the equilibrium profile from the
experiments by Sumer and Fredsøe (1990) and the ratio of

Table 1. Parameters used in the second validation.

Wave characteristics
Wave height (hw) 0:056 m Wave period (T) 1:5 s
Water depth (H) 0:448 m Wavelength (lw ) 2:8 m
Seabed characteristics
Shear modulus (G) 1:27� 107 Pa Porosity (ns) 0.425
Poisson’s ratio (ls) 0.3 Seabed thickness (h) 0:33 m
Degree of saturation (Sr) 0.975 (dense) 0.955 (loose)
Permeability (ks) 1� 10�4 m=s ðdenseÞ 4� 10�4 m=s ðlooseÞ

Figure 3. Validation of the vertical distribution of the normalized pore pressure
amplitude between the integrated numerical model and the experimental data
in Tsui et al. (1983).

Figure 2. Validation of the pore pressure along the periphery of the pipeline between the integrated numerical model and the experimental data in Turcotte,
Kulhawy, and Liu (1984): (a) H¼ 0.0524m and T¼ 0.9 s; (b) H¼ 0.143m and T¼ 1.75 s.
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the equilibrium scour depth (Seq) to the pipeline diameter
(D) in the range of 0:25 � Seq=D � 1:25: Because the lique-
faction of the seabed usually occurs in a shallow domain,
the analysis domain h is mainly three meters below the bot-
tom of the scour hole (h ¼ 3 m), i.e., three times the pipe-
line diameter (h ¼ 3D). That is, the analysis domain starts
from the reference point OA, as indicated in Figure 5. The
basic properties for the wave and soil derived from Duan,
Liao, et al., (2017) and Li, Ong, and Tang (2018) are tabu-
lated in Table 3 unless otherwise specified.

4.1. Initial consolidation and stress release

In natural marine environments, the initial stress state sig-
nificantly affects the estimation of the wave-induced lique-
faction depth within the seabed (Jeng 2012). The
liquefaction criteria proposed by Jeng (1997) are widely
accepted and can be expressed as follows:

r00 þ ue < 0 (12)

where r00 is the initial effective stress, and ue ¼ ps � pb
denotes the excess pore water pressure. For a flat seabed,
the initial effective stress r00 is normally defined as follows:

r00 ¼ 1þ 2K0ð Þc0z=3 (13)

where c0 is the buoyant unit weight and K0 denotes the lat-
eral pressure coefficient. However, this definition may not
be appropriate in the present study due to the complicated
configuration of the scour hole. In practice, local scour leads

to noticeable perturbations of the initial stress field in the
soil surrounding the scour hole. The changes in the initial
stress field before scour and after scour are shown in
Figure 5. After the local scour hole is formed, the original
loading balance is broken down, and the initial stress field is
redistributed. Stress release occurs in the soil surrounding
the scour hole. Due to the influence of the overburden pres-
sure and friction between the sand particles, the release of
stress decreases with increasing seabed depth.

The effective stress proposed by Zen and Yamazaki
(1990) will be applied in this study. This can be written as
follows:

r00 ¼
1ffiffiffi
3

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r0xxð Þ2 þ r0yy

	 
2 þ r0zzð Þ2
q

(14)

where r0xx and r0yy are the initial horizontal effective stresses
and r0zz is the initial vertical effective stress. Figure 6 shows
the distribution of the initial effective stress within the

Table 2. Parameters adopted in the third validation.

Wave characteristics
Wave height (hw) 3:5 m Wave period (T) 9 s
Water depth (H) 5:2 m Wavelength (lw) 61:5 m
Seabed characteristics
Shear modulus (G) 1:27� 107 Pa Porosity (ns) 0.425
Poisson’s ratio (ls) 0.3 Seabed thickness (h) 1:8 m
Degree of saturation (Sr) 0.951 Permeability (ks) 1:8� 10�4 m=s

Figure 4. Validation of the pore pressure evolution against the experimental data of Liu et al. (2015).

Figure 5. Schematic diagram of the contrast in vertical effective stress before
and after scour.
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seabed after the local scour reaches equilibrium states with
Seq=D ¼ 0:5: In the region far away from the scour hole, the
initial effective stress increases gradually from the seabed
surface to the bottom, which comes from the self-weight of
the seabed soil. Stress release occurs in the soil around the
scour hole. In this region, the excess pore pressure can easily
exceed the reduced effective stress, which would cause the
seabed to liquefy. By comparing Figure 6(a,b) the stress
release in the vertical direction is significantly greater than
that in the horizontal direction.

Figure 7(a) shows the vertical effective stress along the
vertical axis beneath the bottom of the scour hole hð Þ: The
vertical effective stress is released completely in the upper
zone of the seabed. This is because the scour will lead to
missing soil around the pipeline, resulting in a free face at
the bottom of the scour hole, and the soil will rebound, thus
releasing stress. However, in the lower part of the seabed,
due to the influence of the overburden soil pressure, the
rebound of the soil decreases, and then the stress release
gradually weakens. Figure 7(b) shows the horizontal effective
stress along the vertical axis through the center of the scour
hole. It is shown that the scour depth has a slight effect on
the distribution of the horizontal effective stress. This is
because the horizontal deformation is smaller, resulting in a
relatively small stress release.

4.2. Effects of scour depth on the pore pressure
response and liquefaction depth around a pipeline

Figure 8 shows the time series of the wave pressure (pb) for
various scour depths at point OA, as indicated in Figure 1.
With the increase in scour depths, the wave pressure ampli-
tude has a slight increase. The change in the wave pressure
(pb) under wave crests is more significant than under wave
troughs. When the equilibrium scour depth (Seq) varied
from 0.25D to 1.25D, the wave pressure amplitude ( pbj j)
increased by 18.64% under the wave crests and increased by
8.8% under the wave troughs. The change in the wave pres-
sure (pb) indicates that the wave pressure acting on the sea-
bed has a relatively slight increasing trend with the increase
in scour depths.

Figure 9 shows the streamlines around a pipeline with
different equilibrium scour depths (Seq) under wave troughs.
When the scour depth (Seq=D ¼ 0:25) is small, the asymmet-
ric and deflected flow wake behind the pipeline and the
downstream separation bubble can be observed, as shown in
Figure 9(a). As water jet flow is formed beneath the pipeline,
the pressure difference between upstream and downstream
of the scour hole leads to an increase in the seabed shear
stress and accelerates the scour process. When the scour
depth reaches 0.5D, the downstream separation bubble

Table 3. Properties of the seabed adopted in the case studies.

Wave characteristics
Wave height (hw) 3:4 m Wave period (T) 10 s
Water depth (H) 10 m Wavelength (lw) 92 m
Seabed characteristics
Seabed thickness (hs) 6 m Seabed length (ls) 132 m
Degree of saturation (Sr) 0.97 Submerged density (rsub) 10:62 KN=m3

Permeability (ks) Kx ¼ 5� 10�3 m=s Ky ¼ 5� 10�3 m=s Kz ¼ 1:0� 10�4 m=s
Young’s modulus (Es) Ex ¼ 1:2� 107 N=m2 Ey ¼ 1:2� 107 N=m2 Ez ¼ 2� 107 N=m2

Shear modulus (Gs) Gxy ¼ 5� 106 N=m2 Gyz ¼ 1:2� 107 N=m2 Gzx ¼ 1:2� 107 N=m2

Poisson’s ratio (ls) �xy ¼ 0:2 �yz ¼ 0:24 �zx ¼ 0:4
Porosity (ns) 0.4
Pipeline parameters
Pipeline diameter (D) 1m

Figure 6. Contours of distribution of the initial effective stress with Seq=D ¼ 0:5:
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disappears. The ability of the flow to scour the seabed
is weakened.

Figure 10 demonstrates the distribution of the wave-
induced pore pressure for various scour depths. As expected,
the pore pressure peak appears near the seabed surface and
decreases with depth. As the scour depth increases, the
wave-induced pore pressure peak has a slight increase under
the wave troughs. This is because the local scour disturbs

the turbulent flow field around the pipeline, further affecting
the hydrodynamic pressure acting on the seabed.

Figure 11 demonstrates the vertical distributions of the
normalized pore pressure amplitude ( uej j=r00) under wave
troughs beneath the pipeline (z=h), in which uej j is the excess
pore pressure amplitude within the seabed, and r00 is the ini-
tial effective stress, and max ( uej j=r00) is used to define the
liquefaction potential. As shown in Figure 11, the equilibrium
scour depth (Seq) has a considerable effect on the distributions
of the pore pressure and liquefaction depth (hl). As the scour
depths increase, the maximum liquefaction depth and lique-
faction potential (max uej j=r00

	 

) of the seabed decrease.

When the equilibrium scour depth is 0.25D, the maximum
liquefaction depth (hl) of the seabed is 0.21h (i.e.,
hl ¼ 0:63D). When the equilibrium scour depth is 0.5D, the
maximum liquefaction depth is 0.173h (i.e., hl ¼ 0:52D). The
maximum liquefaction depth (hl) at Seq ¼ 0:5D can decrease
by 25.3% compared to that at Seq ¼ 0:25D: When the scour
depth reaches 0.75D, the excess pore pressure ( uej j) is 0.85
times the initial effective stress (r00), and the seabed no longer
liquefies. With the increase in scour depth, uej j=r00 decreases,
which means that the anti-liquefaction ability of the seabed
under the pipeline increases. A potential reason that might
account for this phenomenon is that the initial effective stress
and the turbulent flow field around the pipeline are highly
relevant to the scour depth. On the one hand, the variations
in the scour depths influence the wave pressure acting on the
seabed and the pore pressure distribution within the seabed.
On the other hand, the increases in scour depth could
increase the initial effective stress in the soil surrounding the
pipeline and enhance the anti-liquefaction ability of the sea-
bed. As shown in Figures 7 and 8, the increase in the initial
effective stress is obviously greater than the pore pressure
caused by the change in the turbulent flow field. Therefore,
the anti-liquefaction ability of the seabed is enhanced with
increasing scour depth.

4.3. Effects of seabed characteristics

The soil properties are key influencing factors that deter-
mine the liquefaction depth of the seabed. Among those soil
properties, the permeability coefficient (ks) and the degree
of saturation (Sr) have important effects on the distribution
of the wave-induced pore pressure. The soil permeability
directly determines how rapidly pore fluid is transmitted
between porous mediums. Previous studies showed that,

Figure 7. Distributions of the initial effective stress: (a) the vertical effective
stress and (b) the horizontal effective stress.

Figure 8. Time series of the wave pressures with different scour depths at points OA:
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Figure 9. Streamlines at wave troughs according to Seq=D :(a)Seq=D ¼ 0:25, (b)Seq=D ¼ 0:5, (c) Seq=D ¼ 0:75 and (d) Seq=D ¼ 1:

Figure 10. Contours of wave-induced pore pressure within the seabed for various scour depths: (a) the three-dimensional view, (b) Seq=D ¼ 0:25, (c) Seq=D ¼ 0:5,
(d) Seq=D ¼ 0:75, (e) Seq=D ¼ 1 and (f) Seq=D ¼ 1:25:
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under isotropic conditions, the seabed with lower permeabil-
ity is easier to liquefy. Similarly, the degree of saturation
affects the pore pressure transmission behavior within the
seabed due to different air contents (Tørum 2007; Michallet,
Mory, and Piedra-Cueva 2009). Here, to explore the influ-
ence of soil properties on the seabed response, four grades
of degree of saturation (Sr ¼ 0.96, 0.97, 0.98 and 0.99) and
permeability coefficients (ks ¼ kz ¼ 1:0� 10�3m=s, 1:0�
10�4m=s, 1:0� 10�5m=s and 1:0� 10�6m=s) are adopted in
the simulation. The horizontal permeability is equal to five
times the vertical permeability, i.e., kx ¼ ky ¼ 5kz ¼ 5ks,
according to the work of Maasland (1957). The equilibrium
scour depth (Seq) is 0.5D.

Figure 12 gives the vertical distribution of the normalized
pore pressure amplitude beneath the pipeline with different
permeability coefficients (ks). It is shown that with the
decrease in the seabed permeability coefficients, the soil
liquefaction potential (max ueð j=r00Þ) has a noticeable
increase. In the meantime, the vertical ordinate of
max( uej j=r00) has a slight increase, which means that poten-
tial liquefaction zones tend to develop on the surface of the
seabed. For isotropic seabeds, i.e., ks ¼ kz ¼ kx ¼ ky, previ-
ous research indicates that decreasing the permeability coef-
ficient can increase the soil liquefaction depth with isotropic
solutions (Zhou, Zhang, and Yan 2014; Duan, Liao, et al.
2017). This agrees with the results of Figure 12(b). However,
under anisotropic conditions, it is noteworthy that the max-
imum liquefaction depth (A) at ks ¼ 1:0� 10�6 m=s is less
than the maximum liquefaction depth (B) at ks ¼
1:0� 10�5 m=s (Figure 12(a)). This is because the horizon-
tal permeability is larger than the vertical permeability under
anisotropic conditions. When there is higher pore pressure
within the seabed, the flow velocity in the horizontal direc-
tion is greater than that in the vertical direction. The pore
pressure is harder to transmit in the vertical direction,
which causes the liquefaction depth to become shallow. This
means that when the permeability coefficient is small, the

Figure 11. Vertical distributions of the normalized pore pressure amplitude
beneath the pipeline for various scour depths.

Figure 12. Vertical distributions of the normalized pore pressure amplitude
beneath the pipeline for different permeability coefficients (ks): (a) anisotropic
solutions and (b) isotropic solutions.

Figure 13. Distributions of the liquefaction potential with different permeability
(ks) for both isotropic and anisotropic solutions.
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pore pressure amplitude may also decrease in the lower part
of the seabed, which is consistent with the results of
Figure 12(a).

It is of interest to study the differences in the liquefaction
potential beneath the pipeline between anisotropic and iso-
tropic soil behavior. Figure 13 shows the variation in the
liquefaction potential (maxð uej j=r00Þ) with different perme-
ability coefficients. The relative differences in the liquefac-
tion potential between anisotropic and isotropic solutions
become more significant as the permeability coefficients (ks)
increase. Compared with isotropic solutions, the liquefaction
potential (maxð uej j=r00Þ) increases 3% in fine sand, increases
46% in medium sand and increases 72% in coarse sand
under anisotropic solutions. This is because the pore fluid is
more difficult to move between the fine sand solids due to
the low permeability. Therefore, liquefaction analysis with
anisotropic consideration is recommended for medium sand
seabeds and coarse sand seabeds.

The distributions of the normalized pore pressure ampli-
tude along the vertical axis below the pipeline with different
degrees of saturation (Sr) are plotted in Figure 14. As shown
in Figure 14, the seabed with a smaller degree of saturation
can cause a larger liquefaction risk and liquefaction depth.

Figure 15 illustrates the soil liquefaction potential around
the pipeline for both isotropic and anisotropic solutions.
With increasing saturation (Sr), the soil liquefaction depth
and liquefaction potential (max uej j=r00) decrease. This is
because the wave-induced upward seepage force within the
seabed is greater for smaller saturation (Sr). In addition, the
anisotropic seabed is more likely to be liquefied at the same
saturation (Sr).

4.4. Effects of wave characteristics and uniform current

As mentioned previously, wave characteristics, i.e., wave
period and wave height, play an important role in the

Figure 14. Vertical distributions of the normalized pore pressure amplitude
below the pipeline for different degrees of saturation (Sr).

Figure 15. Distributions of the liquefaction potential with different degrees of
saturation (Sr) for both isotropic and anisotropic solutions.

Figure 16. Vertical distributions of the normalized pore pressure amplitude
beneath the pipeline for different wave characteristics (a) wave period (T) and
(b) wave height (hw).
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evaluation of the seabed response and liquefaction depth. In
this paper, their effects on the wave-induced seabed
response and liquefaction depth are investigated by varying
the values of the wave period from 10 s to 20 s and the wave
height from 2.4m to 3.4m. The equilibrium scour depth
(Seq) is 0.5D. In addition, other parameters remain as con-
stants (see Table 3).

Figure 16 gives the vertical distribution of the normalized
pore pressure amplitude beneath the pipeline with different
wave characteristics. As shown in Figure 16, the liquefaction
depth increases with increasing wave period and wave
height. This is mainly because the wave with a longer wave
period and higher wave height will simultaneously increase
the wavelength and carry more energy.

Except for the wave characteristics, the current velocity is
another factor that influences the distribution of the pore
pressure and liquefaction depth. Thus, the effects of current
velocity on the wave-induced oscillatory seabed response
need to be investigated. In this section, the following current
(U0 ¼ 0:8m=s), without current (U0 ¼ 0) and opposing cur-
rent (U0 ¼ �0:8m=s) are adopted in the simulation.
Figure 17 shows the vertical distribution of the normalized
pore pressure amplitude beneath the pipeline under wave-
current interaction.

It is shown that if the waves propagate on a current, the
liquefaction depth within the seabed generally increases and
vice versa. This is because waves with a following-current
can increase the hydrodynamic pressure acting on the sea-
bed. This means that the liquefaction risk of the seabed
increases under waves with a following-current.

5. Conclusions

This paper proposed a three-dimensional hybrid model to
study the effect of scour depth on wave-induced seabed
response and maximum liquefaction depth around a pipe-
line. The effects of wave characteristics and seabed

characteristics on the wave-induced seabed response are also
examined. The following conclusions are drawn:

1. Local scour leads to the stress release within the soil
around the scour hole, which further affects the initial
stress state of the seabed. The vertical stress release is
greatly affected by local scour, while the horizontal
stress release is relatively less affected. Stress release
causes the seabed to liquefy more easily.

2. Scour can significantly affect the turbulent flow field
and initial stress field in the soil surrounding the pipe-
line and then affect the wave-induced pore pressure dis-
tribution. The wave-induced maximum liquefaction
depth beneath the pipeline noticeably decreases with
increasing scour depth, primarily due to the change in
the seabed initial stress state.

3. The liquefaction depth and liquefaction potential of the
seabed increases with decreases in both the permeability
and saturation degree. For the fine seabed in the present
study, under anisotropic conditions, the maximum
liquefaction depth decreases with the decrease in the
permeability coefficients, which is inconsistent with the
results of isotropic solution.

4. The liquefaction depth of the seabed increases as the
wave height and wave period increase. Compared with
the wave alone, the liquefaction risk of the seabed
increases under waves with a following-current.

5. Both the equilibrium scour depth (Seq) and liquefaction
depth (hl) should be taken into account in the safety
design of the pipeline. In the present study, when the
equilibrium scour depth is 0.5D, the maximum liquefac-
tion depth is 0.52D. Therefore, the liquefaction depth
should not be ignored.
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