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Abstract: In real ocean environments, currents generally exist simultaneously with ocean waves. However, the most previous investigations
for the seabed response have only considered wave loading, ignoring currents. In this study, unlike previous studies, currents are included in
the model of seabed response with waves, based on Biot’s poroelastic dynamic theory (u� p approximation). Numerical results reveal
that the consideration of currents has significant effect on the seabed response. The opposing current is beneficial to prevent liquefaction,
while the following current would worsen the stability of the seabed. The parametric studies indicate that the wave period, water depth,
saturation, soil permeability, and thickness of the seabed significantly affect the seabed response under combined loading of waves and
currents. The maximum relative difference of the pore pressure between the cases with currents (velocity is �2 m∕s) and without currents
ðpcurrent � pnocurrentÞ∕p0 can reach up to 25% in both coarse and fine sand. The analysis of transient liquefaction in the fine sand
seabed indicates that the maximum liquefaction depth increases with the following currents, but it decreases with the opposing current.
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Introduction

It has been well documented that the ocean waves/currents exert
dynamic pressures on a porous seabed. These dynamic variations
will further cause the pore pressure, effective normal stresses, and
shear stresses in a porous seabed. When the pore pressure in the
seabed becomes excessive, the effective stresses between soil par-
ticles become zero; liquefaction will then occur and result in
the collapse of marine structures built on the seabed. An inappro-
priate design and maintenance for the foundation of a marine
structure would result in the failure of the structures. In recent
engineering practice, some failures of marine structures because
of the liquefaction or shear failure of the seabed have been reported
(Zen et al. 1985; Lundgren et al. 1989).

Numerous investigations of the wave-induced transient dynamic
response of the seabed under wave loading have been carried out
based on Biot’s poroelastic theory (Biot 1941; Biot 1956) since the
1970s. Among these, Yamamoto et al. (1978) derived an analytical
solution for an isotropic, poroelastic, and infinite seabed by treating
the pore water and seabed as a compressible and deformable
medium. Later, Hsu and Jeng (1994) further extended the frame-
work to an unsaturated, isotropic seabed with finite thickness under
three-dimensional, short-crested wave loading. All these investiga-
tions were based on quasi-static Biot’s consolidation equations.
Jeng et al. (1999) and Jeng and Cha (2003) proposed analytical

solutions of dynamic response for a poroelastic, isotropic seabed
under wave loading based on the u� p and full-dynamic approx-
imations. A further extended version of the analytical solutions
was proposed by Ulker et al. (2009), and the applicable range
of all models is identified.

Numerical modeling is another efficient tool used to investigate
the transient response of the seabed under wave loading. Thomas
(1989, 1995) proposed a one-dimensional, finite-element model to
investigate wave-induced soil response in a layered seabed. Later,
Jeng and Lin (1996) further extended the model for a wave-induced
soil response in a porous seabed with variable permeability
and shear modulus along the burial depth. The seabed soil is
unsaturated and hydraulically anisotropic, and subjected to a
three-dimensional wave system. However, all these numerical mod-
els only considered wave loading. A detailed review of previous
relevant research can be found in Jeng (2003).

In real ocean environments, the ocean waves and currents
generally exist simultaneously. However, the aforementioned in-
vestigations have only considered wave loading without currents.
Thus, how the ocean currents affect the wave-induced seabed
response has not yet been examined. Actually, the pressure acting
on the seabed is significantly different when there is a current in
the flow field, according to the potential flow theory. Therefore,
it is of interest to examine the influences of currents on the seabed
response.

The effects of currents on the seabed response will be investi-
gated numerically by adopting the u� p approximation (Biot 1956;
Zienkiewicz et al. 1980), in which the inertia terms of solid and
pore fluid are both considered, as the governing equations for
the porous seabed. The third-order approximation of nonlinear
wave-current interaction (Hsu et al. 2009) is outlined first. The
boundary value problem of wave-/current-seabed interactions is
presented with a brief of the numerical scheme and the treatment
of lateral boundary conditions. Verification of the proposed model
is performed against the previous analytical solution and experi-
mental data. Then, based on the numerical model, the effects of
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the current on the seabed response is investigated; a parametric
study is carried out to investigate the effects of wave and soil
characteristics on the seabed response, as well as the liquefaction
under combined loading of nonlinear waves and currents.

Theoretical Formulations

Third-Order Approximation of Wave-Current
Interactions

The coexistence of waves and currents in an offshore area is a
common physical phenomenon, and their interaction is an impor-
tant topic in the practices of coastal and ocean engineering. The
presence of a current in a propagating wave will change the original
characteristics of the wave. For example, the following current will
elongate the wave length, and the opposing current will shorten the
wave length. To obtain more accurate results of seabed response
under combined wave and current loadings, the third-order solution
of wave-current interactions is used to determine the dynamic wave
pressures acting on the seabed. On the problem of the third-order
wave-current interaction, some literature is available. The interac-
tion between the linear wave and uniform current has been studied
by Thomas (1981). Baddour and Song (1990b) further investigated
the interaction of linear wave and collinear current. Later, Baddour
and Song (1990a) further extended this problem to a third-order
nonlinear wave and a uniform current. However, this analytical
solution for the interaction between the third-order nonlinear wave
and uniform current is not right because the third-order terms are
not completed. Recently, gave out the complete form of analytical
solutions for the problem of third-order nonlinear wave and
uniform current interaction. Based on the work of Hsu et al.
(1979), Jian et al. (2009) and Hsu et al. (2009) developed an
analytical solution for the interaction between a gravity capillary
short-crested wave and a uniform current. Here, the analytical

solution proposed by Hsu et al. (2009) is adopted in order to apply
the wave pressure on a porous seabed without marine structure.

The seawater is considered an incompressible and inviscid fluid,
and the flow is irrotational. The flow field of seawater can be
described by Laplace’s equation

∇2ϕ ¼ ∂2ϕ
∂x2 þ

∂2ϕ
∂z2 ¼ 0 ð1Þ

where ϕ = velocity potential. The horizontal and vertical velocity of
the flow can be formulated as

uf ¼ � ∂ϕ
∂x and wf ¼ � ∂ϕ

∂z ð2Þ

where uf and wf = horizontal velocity and vertical velocity of the
seawater in the flow field, respectively.

The dynamic and kinematic boundary conditions at the free
surface are

� ∂ϕ
∂t þ

1
2
ðϕ2

x þ ϕ2
z Þ þ gη ¼ CðtÞ at z ¼ d ð3Þ

∂η
∂t �

∂ϕ
∂x

∂η
∂x þ

∂ϕ
∂z ¼ 0 at z ¼ d ð4Þ

where η = elevation of free surface relative to the static water level,
and CðtÞ = Bernoulli’s constant. The bottom of the fluid domain is
considered as impermeable

∂ϕ
∂z ¼ 0 at z ¼ 0 ð5Þ

Using the perturbation technique, Hsu et al. (2009) derived a third-
order approximation for the wave-current interactions, which is
summarized as follows:

ϕðx; z; tÞ ¼ �U0xþ
Hg cosh λz

2ðU0λ� ω0Þ cosh λd
sinðλx� ωtÞ þ 3H2 cosh 2λz

32sinh4λd
ðU0λ� ω0Þ sin 2ðλx� ωtÞ

þ 3λ3H3

512
ð9� 4sinh2λdÞ cosh 3λz

sinh7λd
ðU0λ� ω0Þ sin 3ðλx� ωtÞ ð6Þ

ηðx; tÞ ¼ H
2
cosðλx� ωtÞ þ λH2

16
ð3þ 2sinh2λdÞ coshðλdÞ

sinh3λd
cos 2ðλx� ωtÞ þ λ2H3

512
ð3þ 14sinh2λd þ 2sinh4λdÞ

sinh4λd
cosðλx� ωtÞ

þ λ2H3

512
3ð9þ 24sinh2λd þ 24sinh4λd þ 8sinh6λdÞ

sinh6λd
cos 3ðλx� ωtÞ ð7Þ

CðtÞ ¼ U2
0

2
� H2

16
ðω0 � U0λÞ2

sinh2kd
ð8Þ

where the H = wave height of the first-order wave, λ = wave
number, d = water depth, U0 = current velocity, g = gravity,
and the dispersion relationship is given by

ω ¼ ω0 þ ðλHÞ2ω2 ð9Þ

where ω0 ¼ U0λþ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gλ tanhλd

p
and

ω2 ¼
ð9þ 8sinh2λd þ 8sinh4λdÞ

64sinh4λd
ðω0 � U0λÞ ð10Þ

where the H = wave height of the first-order wave, λ = wave
number, d = water depth, U0 = current velocity, g = gravity,
and the dispersion relationship is given by

ω ¼ ω0 þ ðλHÞ2ω2 ð11Þ

where ω0 ¼ U0λþ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gλ tanh λd

p
and
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ω2 ¼
ð9þ 8sinh2λd þ 8sinh4λdÞ

64sinh4λd
ðω0 � U0λÞ ð12Þ

The dynamic pressure acting on the seabed can be expressed

Pbðx; tÞ ¼
ρf gH

2 coshλd

�
1� ω2λ2H2

2ðU0λ� ω0Þ
�
cosðλx� ωtÞ

þ 3ρf H2

8

�
ω0ðω0 �U0λÞ
2sinh4ðλdÞ � gλ

3 sinh 2λd

�
cos 2ðλx� ωtÞ

þ 3ρfλH3ω0ðω0 �U0λÞ
512

ð9� 4sinh2ðλdÞ
sinh7λd

cos 3ðλx� ωtÞ
ð13Þ

where ρf = density of seawater. When there is no current in the
wave (U0 ¼ 0 m∕s), the above third-order solution can be reduced
to the classic form of the solution of the third-order nonlinear wave.

The presence of a current in a wave propagating on the seabed
will change the original wave characteristics because of the inter-
actions between the currents and waves. The effect of a uniform
current on the wave characteristics (wave number, wave length,
maximum pressure, and wave celerity) is illustrated in Fig. 1.
The following current (i.e., the current in the same direction
of the wave propagation) could significantly elongate the length
of the wave, and make the maximum pressure acting on the seabed
increase greatly. On the other hand, the opposing current could
significantly shorten the length of the wave, and make the
maximum pressure acting on the seabed decrease. The effect of
a uniform current on the wave characteristics determined by the
linear theory of wave-current interaction is also plotted in Fig. 1.
The linear theory overestimates the wave number, but underesti-
mates the wave length. In particular, the linear theory of wave-
current interaction significantly underestimates the maximum
pressure acting on the seabed relative to that determined by the
third-order theory.

Seabed Model

The problem considered is illustrated in Fig. 2, where the seabed is
treated as an elastic, isotropic, and homogeneous porous medium.
The relative displacements of soil particle to pore fluid are ignored,
and then the porous flow in a seabed is governed by the following
equations (Zienkiewicz et al. 1980), which is the so-called u� p
approximation:

∂σ0
x

∂x þ ∂τ xz
∂z ¼ � ∂p

∂x þ ρ
∂2u
∂t2 ð14Þ

∂τ xz
∂x þ ∂σ0

z

∂z þ ρg ¼ � ∂p
∂z þ ρ

∂2w
∂t2 ð15Þ

k∇2p� γwnβ
∂p
∂t þ kρf

∂2ϵ
∂t2 ¼ γw

∂ϵ
∂t ð16Þ

where ðu;wÞ = the soil displacements in the horizontal and vertical
directions, respectively; n = soil porosity; σ0

x and σ0
z = effective

normal stresses in the horizontal and vertical directions, respec-
tively; τ xz = shear stress; p = the pore water pressure; ρ ¼ ρf nþ
ρsð1� nÞ = the average density of the porous seabed; ρf = the fluid
density; ρs = solid density; k = the Darcy’s permeability; g = the
gravitational acceleration; and ϵ = the volumetric strain. In Eq. (15),
the compressibility of pore fluid (β) and the volume strain (ϵ) are
defined as

β ¼
�

1
Kf

þ 1� Sr
pw0

�
; and ε ¼ ∂u

∂x þ
∂w
∂z ð17Þ

where Sr = the degree of saturation of the seabed, pw0 = the absolute
static pressure, and Kf = the bulk modulus of pore water
(Kf ¼ 29 N∕m2, Yamamoto et al. 1978).

The linear poroelastic constitutive model is adopted for the
transient wave-induced seabed response. Under the condition of
plane strain, the stress-strain relationship is given as

σ0
x

σ0
z

τ xz

2
4

3
5 ¼ E

ð1þ νÞð1� 2νÞ
1� ν ν 0
ν 1� ν 0
0 0 1�2ν

2

2
4

3
5

∂u
∂x∂w
∂z∂u

∂z þ ∂w
∂x

2
64

3
75

ð18Þ
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Fig. 1. Effect of the current on the wave number k, wave length L,
induced maximum pressure acting on the seabed pmax, and the wave
celerity C (H ¼ 3:0 m, d ¼ 10 m, t ¼ 8:0 s); L0, ðp0Þmax, and C0 are
the wave length, maximum pressure, and wave celerity determined
by the linear wave theory without a current (i.e., U0 ¼ 0 m∕s),
respectively; solid lines = third-order theory, dashed lines = linear
theory Fig. 2. Sketch of wave-/current-seabed interaction
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where E = the elastic modulus; ν = Poisson’s ratio; and u and w =
the horizontal and vertical soil displacements, respectively.

To solve the governing Eqs. (14) and (16), several boundary
conditions were applied. First, the bottom of the seabed is consid-
ered rigid and impermeable. Therefore, there is no displacement
and vertical flow at this bottom (note that the x-axis coincides with
the seabed surface when studying the seabed response).

u ¼ w ¼ 0 and
∂p
∂z ¼ 0 at z ¼ �h ð19Þ

Second, the boundary conditions along the surface of the seabed
can be expressed as

pðx; z ¼ 0; tÞ ¼ Pbðx; tÞ and τ xz ¼ 0 at z ¼ 0 ð20Þ

The boundary condition [Eq. (20)] implies that this approach does
not consider the damping because of the porous seabed. It is a one-
way coupling (or a so-called weak coupling), rather than a two-way
coupling (i.e., full coupling) process. A simple analytical approach
proposed by Jeng (2001) is adopted to examine the effects of
seabed characteristics on wave characteristics. In Jeng’s (2001)
paper, the influence of the seabed on the wave parameters, such
as wave height and wave length, has been shown. However, the
main focus is the effect of the combined wave and current loadings
on the seabed response. Thus, the one-way coupling (weak
coupling) is used, which has been widely used in previous litera-
ture. As shown in a subsequent section, this model can provide
reasonable prediction of the seabed response in comparison with
experimental data (Lu 2005).

Numerical Model and Treatment of Lateral Boundary
Conditions

The finite-element model (SWANDYNE Dynamic Version II),
originally developed by Chan (1988) for the soil response under
earthquake loading, is adopted for wave loading. A wave module
[Cornell Breaking Waves and Structure (COBRAS)] used to
apply wave loading to the porous seabed is developed and inte-
grated to SWANDYNE II to form part of the numerical model
Porous Models for Wave-Seabed-Structure Interaction, version II
(PORO-WSSI II). Details of the generalized finite-element method
(FEM) formulations are available in Jeng and Ou (2010).

In this section, we present the treatment of the lateral boundaries
that was not available in Jeng and Ou (2010). Generally speaking,
at the two lateral boundaries, the horizontal and vertical displace-
ments, and the flow out/in of the pore water do not vanish. The
principle of repeatability (Zienkiewicz and Scott 1972) has been
employed to handle periodic problems, such as the wave-seabed
interaction (Jeng et al. 2000). However, the periodic boundary

condition requires that the length of the computational domain
must be an integer of the length of the wave. Furthermore, the prin-
ciple of the periodic condition is applied to the problems of neither
nonperiodic loading nor with a marine structure.

An alternative method is to use a large computational domain
and fix both the lateral conditions in the horizontal direction, rather
than applying the periodic boundary condition. This method is
based on the assumption that the effects of the fixed lateral boun-
daries are only limited to the region near the lateral boundaries. In
the region far away from the lateral boundaries, the effect of the
fixed lateral boundaries will disappear. The computational results
are the same when the periodic boundary condition is applied to the
lateral sides of the computational domain whose length is equal to
the length of the wave.

In principle, a larger computational domain will reduce the ef-
fect of the fixed lateral boundaries. However, a large computation
domain will require huge computational time and larger memory.
Therefore, the length of the computation domain is chosen as
2.0–3.5 times the maximum wave length adopted in all cases.
Herein, we will investigate the effects of lateral boundaries on
the soil response in the region we are interested in. A numerical
example, with the input data given in Table 1, is illustrated in Fig. 3.
In the numerical example, we consider a computational domain of
250-m long, which is about 3.4 times the wave length
(L ¼ 73:3 m). In Fig. 3, both results from the present model (fixed
boundaries) and the previous model with the principle of repeat-
ability (Jeng et al. 2000) are included for comparison.

The results presented in Fig. 3 of three sections at x ¼ 50 m,
125 m, and 200 m are considered. As shown in Figs. 3(a) and 3(c),
the pore pressure and vertical effective stress are basically
identical for both models; however, significant differences between
the two models are observed for the horizontal effective stress and
shear stress. This indicates that the method of a fixed lateral boun-
dary may not be applicable at position x ¼ 50 m and x ¼ 200 m. In
contrast, Fig. 3(b) shows the comparison of the seabed response at
the midline x ¼ 125 m for both treatments of lateral boundary con-
ditions, and indicates that the effect of the fixed lateral boundaries
disappears completely at the region far away from the fixed lateral
boundaries. Based on this numerical exercise, the proposed treat-
ment method for the lateral boundaries is acceptable under the
condition of a sufficiently large computational domain. Therefore,
the same mesh system being used for all cases in which different
wave lengths are involved is feasible, and the accurate results could
be obtained at the region far away from the fixed lateral boundaries,
which is our main investigation zone.

Numerous numerical tests for the use of the proposed treatment
and the concept of repeating loading have been carried out.
A representative graph (Fig. 4) is shown here to demonstrate the

Table 1. Input Data for Numerical Examples

Wave characteristics Value Soil characteristics Value

Wave period (T) 8.0 s Permeability (k) 10�2 m∕s (coarse sand)

10�4 m∕s (fine sand)

Wave height (H) 2.0 m Porosity (n) 0.3 (coarse sand)

0.2 (fine sand)

Water depth (d) 20 m Shear modulus (G) 107 N∕m2

Current (U0) 1 m∕s (following current) Poisson’s ratio (μ) 1∕3
�1 m∕s (opposing current)

Saturation (Sr) 0.98

Thickness (h) 30 m
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effect range of the fixed lateral sides. The vertical axis is the relative
difference of the wave induced σ0

x at depth z ¼ �5 m between the
results determined by adopting the fixed lateral boundary and peri-
odic boundary. The horizontal axis is the distance to the fixed
lateral sides (normalized by wave length L). Herein, σ0

x is chosen
as the representative variable because the effect of the fixed
lateral sides on wave induced σ0

x is most obvious in the upper
seabed, which can be observed in Fig. 3. As illustrated in Fig. 4,
the effect of the fixed lateral sides basically could disappear if

the distance to the lateral fixed sides is greater than one wave
length.

Verifications

It is important and necessary to validate the proposed numerical
model PORO-WSSI II against existing models for several special
cases. Because neither experimental nor theoretical work for the
seabed response under a combined wave and current loading is
available, we can only compare our model with the previous
work without currents. To verify the numerical model, the model
is compared with the analytical solution (Hsu and Jeng 1994) and
the experimental data conducted by Lu (2005).

The numerical results of the maximum values of wave-induced
pore pressure and effective stresses in unsaturated coarse/fine sand
(the degree of saturation = 98%) are shown in Fig. 5. The results of
the analytical solution (Hsu and Jeng 1994) are also plotted in
Fig. 5. From Figs. 5(a) and 5(b), the results of the numerical
model overall agrees well with the analytical solution. The minor
differences between the two models are that the analytical solution
is based on quasi-static soil behavior and the present numerical
model is based on the u� p approximation.

Lu (2005) conducted a series of laboratory experiments on the
dynamic response of the sandbed to the waves propagating on it in a
wave flume, which is 60-m long, 1.5-m wide, and 1.8-m high. The
waves generated in the wave flume include regular and cnoidal
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Fig. 3. Comparison of the seabed response under the same wave loading at x ¼ 50 m, 125 m, and 200 m between the case in which the lateral
boundaries are fixed and the case in which the periodic boundary condition is applied
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waves; the seabed is coarse sand. The pore pressure at the four
points on the midline of the sandbed is monitored in the experi-
ments. Because only regular waves were considered, only the
experimental data of the regular waves for validation were used.
Detailed information of the experiment setup is available in
Lu (2005). The properties of the coarse sand provided by
Lu (2005) are as follows: shear modulus G107 N∕m2, Poisson’s
ratio μ ¼ 0:3, permeability k ¼ 10�3 m∕s, porosity n ¼ 0:3893,
mean size of sand particles d50 ¼ 0:44 mm, and saturation Sr =
98%. The wave characteristics of the regular and cnoidal waves
are as follows: H ¼ 14 cm, d ¼ 0:4 m, T ¼ 1:2 s and H ¼ 14 cm,
d ¼ 0:3 m, T ¼ 2:0 s, respectively.

The comparisons of the regular wave-induced dynamic pore
pressure at the four points on the midline of the sandbed between
the numerical results and the experimental data are shown in Fig. 6.
Fig. 6 shows that the results predicted by the numerical model over-
all agree well with the experimental data provided by Lu (2005).

Results and Discussions

The main objective is to examine the influence of current on the
seabed response, including the pore pressures, effective stresses,
shear stresses, and liquefaction potential. In this section, we first
examine the effect of ocean currents on the seabed dynamic re-
sponse through comparison with the case without currents
(i.e., wave only). Four cases (two for following currents and
another two for opposing currents) in coarse and fine sand are
considered. The soil characteristics used in the numerical examples
are given in Table 1. The wave characteristics used are in the range
of nonlinear wave (H ¼ 3:0 m, T ¼ 8:0 s, d ¼ 10:0 m). In these
examples, the length of the computation domain is 250 m for
all four cases, which is 2.7 times the maximum wave length
involved in following currents; and the current velocity is chosen
as 1 m∕s (the following current) and �1 m∕s (the opposing
current).

Effects of Currents

In this section, we compare the seabed response for the cases under
waves loading with and without currents. Fig. 7 illustrates the
vertical distributions of the seabed response under the wave and
following current (U0 ¼ 1 m∕s) loading at x ¼ 125 m in both
coarse and fine sand. Because of the fact that the absolute value
of maximum and minimum dynamic response in the seabed is
greatly different under highly nonlinear wave loading, the maxi-
mum and minimum dynamic responses in the seabed are compared,
with their corresponding values when U0 ¼ 0 m∕s. In Fig. 7, all
seabed response variables are normalized by the maximum dy-
namic wave pressure along the seabed surface without a current,
that is, ðp0Þmax, jðp0Þminj, given in Eq. (13) when U0 ¼ 0 m∕s.
In Fig. 7 the effect of ocean currents on the seabed response is sig-
nificant in both coarse and fine sand. If a following current exists in
the wave field, the magnitudes of the maximum/minimum seabed
response, including pore pressure and effective stresses, are basi-
cally greater than without currents. For the maximum/minimum
shear stress in the seabed, both cases are almost identical in the
upper part of the seabed. In the lower part of the seabed, the mag-
nitude of shear stress is greater when there is a following current. In
coarse sand, the maximum relative difference between the two
cases with/without currents can be up to 15% for maximum/
minimum pore pressure, and 10% for ðσ0

zÞmax ∕min, 5% for
ðσ0

xÞmax ∕min, and 10% for the shear stress ðτ xzÞmax ∕min. Although
the magnitude of the relative difference of the seabed response be-
tween the two cases is not large, the absolute difference is huge
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Fig. 5. Vertical distributions of the wave-induced soil response in (a) coarse sand and (b) fine sand (Sr ¼ 0:98)
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because all quantities have been normalized by a great value,
ðp0Þmax or jðp0Þminj. These results indicate that the seabed instability
(e.g., liquefaction) is more likely to occur (to be discussed further
in a subsequent section) if the ocean wave and following current
coexist simultaneously regardless of the soil type.

Fig. 8 further presents the vertical distributions of the maximum/
minimum seabed response under nonlinear wave and opposing
current loading at x ¼ 125 m in coarse and fine sand when the cur-
rent velocity U0 ¼ �1 m∕s. The effect of the opposing current
on the seabed response is also significant, as shown in Fig. 8.
However, the seabed response will be smaller than the case without
currents, which may reduce the potential of seabed instability.

Parametric Study

Effect of the Magnitude of the Current Velocity
In the ocean environments, the velocity of the ocean current gen-
erally is less than 2 m∕s except for some special situations, such as
a storm or tsunami. Therefore, the current velocities used in the
numerical examples are 0:5 m∕s, 1 m∕s, 1:5 m∕s, and 2:0 m∕s.

Additionally, the following current and opposing current with
the four magnitudes of velocity are investigated to show the effects
of the flow direction of currents.

Figs. 9 and 10 show the vertical distributions of the relative
difference of the seabed response under nonlinear wave-current
loading in coarse and fine sand for the different current velocity
U0. Here, all relative differences are normalized by p0 ¼ ðp0Þmaxþ
jðp0Þminj, which is the sum of the maximum wave pressure (induced
by the wave crest) and the absolute value of the minimum wave
pressure (induced by thewave trough) whenU0 ¼ 0 m∕s. In Figs. 9
and 10, it is observed that the response of the seabed, including
pore pressure, effective stresses and shear stress, under wave,
and following current loading is greater than those under wave
loading only, and the seabed response under wave and opposing
current loading is smaller than those under wave loading only.
The greater the magnitude of the current velocity, the greater the
relative difference relative to that condition when U0 ¼ 0 m∕s.
The maximum relative differences of the pore pressure between
the two conditions U0 ¼ �2 m∕s and U0 ¼ 0 m∕s can reach
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Fig. 7. Vertical distributions of the seabed response under the wave and following current (U0 ¼ 1 m∕s) loading in (a) coarse sand and (b) fine sand
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25%, as seen in Fig. 9(a). It is also observed that the relative differ-
ences of the seabed response under nonlinear waves and opposing
currents are overall greater than that of the seabed response under
nonlinear waves and following currents even when the magnitude
of the current velocity is the same, for example, U0 ¼ �2 m∕s and
U0 ¼ 2 m∕s.

If there is a current in the wave field, the maximum relative
difference of vertical effective stress (σ0

z) occurs at the middle part
of the seabed in coarse sand, while it occurs at the region near the
seabed surface in fine sand (see Figs. 9 and 10). The maximum
relative difference of (τ xz) occurs at the impermeable bottom of
the seabed in both coarse and fine sand.

Based on the numerical examples presented, the combined wave
and following current loading will enhance the potential of seabed
instability, such as liquefaction, while the opposing current is
beneficial to prevent the seabed from liquefaction or shear failure.
Once the liquefaction occurs, the maximum depth of liquefaction
would be deeper than the situation in which there is no current.
Therefore, the following current will aggravate the instability of

the seabed. It is a potential risk for marine structures located on
the seabed.

Effect of Wave Characteristics
In this section, we further investigate the effects of wave
parameters on the relative differences of pore pressure ðpcurrent�
pno�currentÞ∕p0. Two wave characteristics, wave period and water
depth, are examined here.

As shown in Fig. 11, the effect of the following current on the
seabed response is significant for a short period wave in the upper
part of the seabed. For example, the maximum relative difference is
up to 25% at the surface of the seabed when (T ¼ 5:0 s); while, the
effect of the following current on the seabed response for a large
period wave (T ¼ 12:0 s) is not as significant. However, it is
interesting to point out that the effect of the following current
on the seabed response for a medium period wave (T ¼ 8:0 s)
is not in the range of relative differences of short period and large
period waves. The relative difference is smallest in the region
nearest to the seabed surface for a medium period wave, and
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the relative difference increases gradually along the seabed depth.
At the bottom of the seabed, the relative difference is the greatest
for a medium period wave.

Fig. 12 illustrates the vertical distributions of the relative differ-
ence of pore pressure versus soil depth in coarse and fine sand for
various water depths. The water depth has a significant effect on
wave-current induced pore pressure in the seabed. The deeper
the water depth, the more significant the effect of the following
current on the seabed response in both coarse and fine sand. When
a wave is propagating in deep water, the current-induced pressure

accounts for a major proportion of the whole wave-current induced
pressure acting on the seabed surface. Therefore, the effect of the
current is relatively significant.

Effect of Soil Characteristics
Soil characteristics are another important parameter that must be
considered in the analysis of seabed instability. Among these, three
parameters are examined. The parameters are the following: the
degree of saturation, seabed thickness, and soil type (in term of soil
permeability).
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Fig. 10. Vertical distributions of the relative differences of wave-current induced seabed response in fine sand for different U0

JOURNAL OF ENGINEERING MECHANICS © ASCE / JUNE 2012 / 609

Downloaded 06 Jun 2012 to 115.25.60.99. Redistribution subject to ASCE license or copyright. Visit http://www.ascelibrary.org



The degree of saturation has been recognized as one of the dom-
inant factors in the evaluation ofwave-induced seabed response. The
compressibility of pore water in the seabed is mainly dependent of
the degree of saturation. It is reported that the in-site degree of sat-
uration ofmarine sediments normally lies in the range of 85%–100%
(Esrig and Kirby 1977; Pietruszczak and Pande 1996). Three
representative degrees of saturation are chosen to investigate the ef-
fect of the current on the seabed response in a seabedwith a different
saturation. They are 95%, 98%, and 100%, respectively.

Fig. 13 presents the vertical distributions of the relative differ-
ence of dynamic pore pressure, ðpcurrent � pno�currentÞ∕p0, in coarse
and fine sand for various degrees of saturation. In Fig. 13, the de-
gree of saturation has significant effects on the wave-current in-
duced pore pressure both in coarse and fine sand. The relative
difference between the wave-current induced pore pressure and
the wave induced pore pressure (without current) increases as
the degree of saturation increases. This means that the effect
of the current is most significant in a fully saturated seabed.
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Fig. 11. Vertical distributions of the relative difference of pore pressure, ðpcurrent � pno�currentÞ∕p0, for various wave periods
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Fig. 12. Vertical distributions of the relative difference of pore pressure, ðpcurrent � pno�currentÞ∕p0, for various water depth
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Fig. 13. Vertical distributions of the relative difference of pore pressure, ðpcurrent � pno�currentÞ∕p0, for various degrees of saturation
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The maximum relative difference occurs at the impermeable bot-
tom of the seabed both in coarse and fine sand, if the seabed is fully
saturated.

The thickness of the seabed is another factor that would affect
the effect of currents on the seabed response. Fig. 14 illustrates the
vertical distributions of the relative difference of pore pressure,
ðpcurrent � pno�currentÞ∕p0, in coarse and fine sand for various
seabed thickness. From Fig. 14, it is found that the effect of the
following current (U0 ¼ 1 m∕s) on the seabed response
is almost the same at the top of the seabed (0 to �15 m) in coarse
sand. In the lower part of the seabed (less than �20 m), the relative
difference of the pore pressure is greater in a thin seabed. In
fine sand, the situation is different in the upper part of the seabed.
The relative difference of pore pressure is greatest in a thick
seabed.

In addition to the degree of saturation and seabed thickness, soil
permeability is another important factor in the analysis of wave/
current induced soil response. Based on the results presented in
Figs. 11–14, the influence of currents on the seabed response is
more significant in fine sand than compared with coarse sand.

Liquefaction of Seabed under Combined Nonlinear
Wave and Current Loading

It is well known that the porous seabed would liquefy under
wave loading because of the buildup of excess pore pressure
in the seabed. To investigate the liquefaction properties in the
seabed under combined nonlinear wave and current loading, the
liquefaction criterion proposed by Okusa (1985) are adopted.
It is expressed as

� ðγs � γwÞz ≤ σ0
z ð21Þ

0 2 4 6 8 10
−40

−35

−30

−25

−20

−15

−10

−5

0

(p
current

−p
no−current

)/p
0
 %

D
ep

th
 (

m
)

Coarse sand
k=0.01m/s
T=8.0s, d=20m,H=3.0m
G=107N/m2, µ=1/3
n=0.3
Sr=0.98
U

0
=1m/s

h=40m

h=30m

h=20m

0 3 6 9 12 15
−40

−35

−30

−25

−20

−15

−10

−5

0

(p
current

−p
no−current

)/p
0
   %

D
ep

th
 (

m
)

h=30m

h=20m

h=40m

Fine sand
k=0.0001m/s
T=8.0s, d=10m,H=3.0m
G=107N/m2, µ=1/3
n=0.3
Sr=0.98
U

0
=1m/s

(a) (b)

Fig. 14. Vertical distributions of the relative difference of pore pressure, ðpcurrent � pno�currentÞ∕p0, for various seabed thickness
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where the γs = saturation unit weight of the seabed soil, γw = unit
weight of water, and σ0

z = wave induced vertical dynamic effective
stress. Actually, the liquefaction criterion [Eq. (21)] means that the
seabed will liquefy if the wave induced vertical dynamic effective
stress σ0

z (note that the compressive stress is negative) is equal to or
greater than the original vertical effective stress �ðγs � γwÞz. The
dynamic effective stresses are determined through the following
three steps: (1) calculating the consolidation state of the seabed
under the static water pressure, (2) calculating the full effective
stresses state of the seabed under full water pressure including static
pressure and wave-induced dynamic pressure, and (3) the dynamic
effective stresses are determined by subtracting the effective
stresses of the consolidation state from the full effective stresses.

Fig. 15 shows the elevation of the free surface of third-order
stokes wave with a following current at time t ¼ 20:0 s
(U0 ¼ 1 m∕s), and the distribution of the corresponding dynamic
pore pressure p and vertical effective stress σ0

z in fine sand. As illus-
trated in Fig. 15, in the region in the seabed under the wave crest,
the dynamic pore pressure is positive, and the dynamic vertical ef-
fective stress is compressive. While, in the region in the seabed
under the wave trough, the dynamic pore pressure is negative,
and the dynamic vertical effective stress is tensile. Therefore,
the seabed under the wave trough is most likely to be liquefied.
Fig. 16 shows the liquefied zones in the seabed under a nonlinear
wave loading at time t ¼ 20:0 s. In Fig. 16, all liquefied zones in
the seabed are located in the regions near the wave troughs because
the tensile vertical effective stress is generated, and only the upper
part of seabed could be liquefied.

The transient liquefied zones move in the seabed, accompanying
the movement of the third-order progressive wave. Therefore, there
is no place that is always in the liquefied state if the elastic model is
used for the porous seabed. Fig. 17(a) illustrates the variation pro-
cess of liquefied depth in the fine sand seabed in time domain x ¼
125 m under nonlinear wave and current (U0 ¼ �1 m∕s, 0 m∕s,
and 1 m∕s) loading. As shown in Fig. 17(a), the maximum lique-
fied depth in the seabed is 1.16 m, 0.98 m, and 0.58 m when the
velocity of the current U0 is 1 m∕s, 0 m∕s, and �1 m∕s, respec-
tively. Relative to the condition without a current, the following
current U0 ¼ 1 m∕s makes the maximum liquefied depth increase
18%, while the opposing current makes the maximum liquefied
depth decrease 57%. From this result, it is found that the following
current makes the liquefied zone in the seabed become larger than
when there is no current; and the opposing current is beneficial to
prevent the seabed from liquefying. Fig. 17(b) shows the relation-
ship between the maximum liquefied depth and the current velocity
under condition H ¼ 3:0 m, d ¼ 10:0 m, T ¼ 8:0 s. In Fig. 17(b),
the following current makes the fine sand seabed easier to occur
during liquefaction; the opposing current makes the fine sand
seabed more difficult to be liquefied.

Conclusions

The effect of an ocean current, which generally exists simultane-
ously with an ocean wave, on the seabed response under third-order
nonlinear wave and current loading are investigated by adopting the
u� p approximation and poroelastic model. The FEM is used to
solve the boundary value problem. Based on the numerical analysis
presented, the following conclusions can be drawn.
• The following current in a nonlinear wave field makes the

seabed response, including pore pressure, effective stresses,
shear stress, become greater than without currents in both coarse
and fine sand. On the other hand, the opposing current makes
the seabed response become smaller than when there is no cur-
rent both in coarse and fine sand. For example, the following
current U0 ¼ 1 m∕s makes the maximum relative difference
of pore pressure, σ0

x, σ0
z, and shear stress τ xz reach up to 8%,

10%, 5%, and 7% in coarse sand, respectively. The opposing
current U0 ¼ �1 m∕s makes the maximum relative differences
reach up to �10%, �9:5%, �7%, and �10% in coarse sand,
respectively. The exclusion of the following current will result
in the underestimation of the wave-induced seabed response.

• It is found that the following current makes the seabed more
likely to be liquefied, while the opposing current is beneficial
to prevent the seabed from liquefaction or shear failure. In the
numerical examples, the maximum transient depth in the seabed
is 1.16 m, 0.98 m and 0.58 m when U0 ¼ 1 m∕s, U0 ¼ 0 m∕s,
and U0 ¼ �1 m∕s, respectively. The qualitative relationship
between the maximum liquefaction depth and current velocity
is ðzÞmax ¼ �0:0868U2

0 þ 0:2643U0 þ 0:9207. Therefore, the
exclusion of the following current will directly lead to the under-
estimation of the liquefaction depth.
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• The magnitude of the current velocity directly determines the
effect extent of the current on the seabed response. The greater
the current velocity, the more significant the effect of the current
on the seabed response. For U0 ¼ 2 m∕s, the maximum relative
difference of pore pressure is 15%, while it is only 8% when
U0 ¼ 1 m∕s. For U0 ¼ �2 m∕s, the maximum relative differ-
ence of the pore pressure is �25%, while it is only �10%
when U0 ¼ �1 m∕s.

• The parametric study indicates that the wave and seabed char-
acteristics significantly affect the effects of the current on the
seabed response under nonlinear wave and current loading.
The effect of the current is more obvious for a short period wave
propagating in deep water on a saturated seabed compared with
a long wave propagating in shallow water on an unsaturated
seabed. For example, the maximum relative difference of
the pore pressure could reach 25% and 20% for the cases of
T ¼ 5 s and d ¼ 15 m, respectively.
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