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ABSTRACT

Sediment incipient motion is the first stage of the whole process of local
scour around a marine infrastructure. Most previous investigations ig-
nored seepage flow on the mobility of bed particles except a recent study
including the effects of vertical seepage flow in the prediction of sedi-
ment motion. In this paper, a new model further combing the vertical
and horizontal seepage force is proposed. The modified Shields parame-
ter by considering two-dimensional seepage is derived. Then, the effects
of wave and soil parameters on sediment incipient motion are analyzed.
It was found that lower water depth and saturation, higher wave height,
shear modulus and permeability, will remarkably increase both modified
Shields parameters and the gaps of the results considering vertical and
two-dimensional seepage forces. Therefore, the horizontal seepage can
not be ignored.

KEY WORDS: Shields parameter; Sediment incipient motion; two-
dimensional seepage force; analytical solution; OpenFOAM R©

INTRODUCTION

As the first step of sediment incipient motion in the process of local
scour, the critical Shields number is an important threshold condition
for the sediment moving from a static condition. Numerous studies
(Shields, 1936; Bagnold, 1960; Yalin, 1977) proposed various criteria.
In most criteria, the Shields parameter has been commonly used to
determine the threshold condition of sediment incipient motion.

Initially, the Shields parameter was used for the unidirectional flows in
a flat or near-flate bed. Later, several modifications to the conventional
Shields diagram have been proposed for different sediments based on
laboratory tests. For example, Madsen and Grant (1976) modified the
Shields Criterion obtained for an oscillatory flow. They concluded
that the Shields parameter is essential to consider the influence of the
sediment incipient motion under the action of wave in the prediction of
the local scour. Le Roux (2001) proposed a simple method to predict the
threshold of particle transport under oscillatory waves, which was valid
for grains of varying size and density in a laminar or turbulent flow.
Whitehouse et al. (1988) and Chiew et al. (1994) modified the Shields

diagram for a sloping bed with an inclination angle.

The essence of sediment incipient motion is that the driving force acting
on the particles is greater than the resistance. In most previous studies,
the mean grain size (d50) was the only soil parameters involved in the
prediction of local scour. They ignored the influence of seepage as
well as other soil characteristics. In fact, the concept of seepage has
been adopted into the criterion of liquefaction (Jeng, 1997; Zen et al.,
1998). The discussion of application of seepage on local scour are
also available in the literature. Cheng et al. (1997) and Sumer et al.
(2011, 2013) found that seepage had a great effect of sediment incipient
motion by experimental research. Qi and Gao(2014) reported that the
wave-induced upward seepage brings the sand-bed more susceptible to
scouring by a series of experiments. Xia (2014) theoretically examined
the effect of wave induced seepage on the sediment incipient motion,
which was based on the boundary-layer approximation for a porous
seabed (Mei and Foda, 1981). Recently, Guo et al. (2019) modified the
Shields parameter by considering the vertical seepage, and established
numerical models to discuss the impact of seepage force on sediment
incipient motion under an oscillatory flow. Later, Li et al. (2020) further
considered the effects of upward seepage on the local scour beneath
a pipeline through their CFD model. However, the aforementioned
studies only considered the upward seepage, although it should be either
two-dimensional or three-dimensional problem.

The aim of this paper is to include the combination of vertical and hori-
zontal seepage in the conventional Shields number. The wave-induced
seepage is calculated by two methods. They are: (1) the analytical model
for the wave-induced seabed response in an infinite seabed (Hsu et al.,
1993; Jeng, 2018), and (2) the numerical model (PORO-FSSI-FOAM,
Liang et al., 2019, Duan et al., 2019). Based on theoretical models, the
influence of wave and soil parameters on modified Shields parameters
will be discussed.
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THEORETICAL FORMULATIONS

Modified Shields parameter with seepage
At the surface of a sandy seabed, soil particles are at a state of force
equilibrium before the sediment incipient motion occurs. Considering a
coordinate system with horizontal as the x-axis and vertical as the z-axis,
as shown in Fig. 1. The soil particles are subjected to submerged weight
force W ′, lift force FL, seepage force FS z in the vertical direction; and
drag force FD, and seepage force FS x in the horizontal direction.

Based on the force balance for a soil particle in the x-direction, we have,

(W ′ − FL − FS z) f = FR = FS x + FD, (1)

where f is the static friction coefficient.

z

x
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FSz
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FD

Fig. 1 Forces exerting on a bed particle.

In this study, all soil particles are assumed to be spheres with a uniform
diameter of d50, then, the individual force term in Eq. (1) can be
expressed as:

W ′ = (γs − γw)
πd3

50

6
, (2)

FL = CL
πd2

50

4
ρwu2

0

2
, (3)

FD = CD
πd2

50

4
ρwu2

0

2
, (4)

in which CD and CL are the drag and lift coefficients, respectively; ρw

is the density of fluid; γw and γs are the unit weight of fluid and soil,
respectively; u0 is the velocity of flow approaching to the particle at the
seabed surface.

The seepage force acting on a porous medium unit volume is expressed
as S =

∂~p
∂h , where h is the direction of seepage force, which is the x-

and z-direction (Bear, 2013). The number of sediment particles per unit
volume is expressed as N = 1−n

d3
50/6

(Cheng and Chiew,1999). Therefore,

the seepage force can be expressed as S/N and the direction of the
seepage is opposite with ∂~p

∂~h
. In this study, we consider two-dimensional

problem, the seepage forces of the x-axis and the z-axis can be expressed
as,

FS x = −
∂p
∂x

πd3
50

6(1 − n)
, FS z = −

∂p
∂z

πd3
50

6(1 − n)
, (5)

where n is the porosity of the seabed soil. Note that in some of the
previous formulations of seepage force such as Francalanci et al. (2008)
and Sumer et al. (2011), the (1 − n) term appearing in the denominator
of Eq. (5) is not included on the grounds that the equation is written
for a single particle. Here. we include (1−n) to consider the soil-mixture.

Note that the negative sign is added in (5) to ensure the wave-induced
seepage to be downward under waver crests, and upward under wave
trough. In the previous studies (Guo et al., 2019), only one-dimensional
model was considered, there is no direction issue because they only
focused on the case near wave troughs.

Substituting Eqs. (2))–((5)) to Eq. (1), then the critical friction velocity
at incipient sediment motion can be expressed as:

τc

(γs − γw)d50[1 +
∂p/∂z

(γs−γw)(1−n) +
∂p/∂x

(γs−γw)(1−n) f ]
=

4 f
3(CD + CL f )[ f2(Re)]2 ,

(6)

where Re is the Reynolds number; f2(Re)(=u0/U∗) (Qian and Wan,1983)
is the ratio of velocity on the surface particles and friction velocity; τc is
the shear stress of seabed surface which is calculated as:

τc = ρwu2
0. (7)

The parameters ex, ez and exz are introduced to describe the wave-induced
seepage related to the submerged weight force:

ex =
FS x

W ′
= −

∂p/∂x
(γs − γw)(1 − n) f

, (8)

ez =
FS z

W ′
= −

∂p/∂z
(γs − γw)(1 − n)

, (9)

exz =
FS x + FS z

W ′
= ex +ez = −

∂p/∂x
(γs − γw)(1 − n) f

−
∂p/∂z

(γs − γw)(1 − n)
, (10)

It is obvious that ei (i =x, z, xz) shows the ratio of seepage force and sub-
merged weight force. The conventional Shields parameter who ignored
the influence seepage forces is expressed as:

θ =
τc

(γs − γw)d50
. (11)

Note that when the Shields number (θ) is greater than the critical Shields
number (θcr), sediment incipient motion will occur. The Critical Shields
number can be determined by (Soulsby, 1997, page 105)

θcr =
0.30

(1 + 1.2D∗)
+ 0.055

[
1 − e−0.02D∗

]
, (12)

where D∗ = [g(γd/γw − 1)/ν2]1/3d50 is the dimensionless diameter
of sediment particle D∗ = [g(γd/γw − 1)/ν2]1/3d50, in which ν is the
kinematic viscosity of water.

Guo et al. (2019) proposed a modified Shields parameter by considering
the influence of upward seepage, which was similar with Eq. (13),
but their study ignored the horizontal direction of seepage. In order
to explore the effect of one-dimensional and two-dimensional seepage
on sediment incipient motion, θz and θxz are defined to discuss the
individual and combined impacts.

θz =
τc

(γs − γw)d50(1 +
∂p/∂z

(γs−γw)(1−n) )
=

θ

1 − ez
, (13)

θxz =
τc

(γs − γw)d50[1 +
∂p/∂z

(γs−γw)(1−n) +
∂p/∂x

(γs−γw)(1−n) f ]
=

θ

1 − exz
, (14)
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in which the scaling factor exz should be less than 1 for the onset of
sediment motion, because if the scaling factor exz ≥ 1, the seabed
particle has already in suspending state before sediment incipient
motion. In other words, seabed has been liquefied when scaling factor
exz ≥ 1. Furthermore the scaling factor exz < 0 represents that the
sediment incipient motion is restrained by the seepage force. On the
contrary, 0 < exz < 1 is the range that the seepage force promote the
sediment incipient motion.

Analytical solution for wave-induced seepage
Based on Biot’s poro-elastic theory (Biot, 1941) and linear wave theory,
the analytical solution for the wave-induced pore-water pressures in an
infinite seabed (Hsu et al., 1993) is given as,

p =
p0

1 − 2µ
[(1 − 2µ − λ)C1ekz +

δ2 − k2

k
(1 − µ)C2 eδz]ei(kx−ωt), (15)

where µ is the Poisson’s ratio; k(= 2π/L) is the wave number, in
which L can be determined by the linear wave dispersion relation;
L = (gT 2/2π) tanh kd; and ω(= 2π/T ) is the wave angular frequency;
and p0 is the amplitude of the dynamic wave pressure based on the first
order short-crested wave theory and is defined as:

p0 =
γwH

2 cosh kd
, (16)

where H is the wave height; d is water depth.

In Eq (15), the coefficients δ and λ are defined as,

δ2 = k2 kx

kz
−

iωγw

kz
(nβ +

1 − 2µ
2G(1 − µ)

), (17)

λ =
(1 − 2µ)[k2(1 − kx

kz
) +

iωγwnβ
kz

]

k2(1 − kx
kz

) +
iωγw

kz
(nβ +

1−2µ
G )

, (18)

where kx and kz are the permeability in the x and z direction, respectively;
G is the shear modulus of soil and β is defined as,

β =
1

Kw
+

1 − S r

Pw0
, (19)

where Pw0 represents the absolute pore-pressure; Kw is the bulk modulus
of water and S r is the saturation degree of a seabed.

In (15), Ci (i=1, 2) coefficients are given by:

C1 =
δ − δµ + kµ

δ − δµ + kµ + kλ
, (20)

C2 =
kλ

(δ − k)(δ − δµ + kµ + kλ)
. (21)

Taking a derivation of Eq. (15) in x- and z- direction:

∂p
∂z

=
p0

1 − 2µ

[
k(1 − 2µ − λ)C1ekz +

δ2 − k2

k
δ(1 − µ)C2eδz

]
ei(kx−ωt),

∂p
∂x

=
ikp0

1 − 2µ

[
(1 − 2µ − λ)C1ekz +

δ2 − k2

k
(1 − µ)C2eδz

]
ei(kx−ωt),

(22)

Note that we need to take real part of the above expressions in the latter
calculation.

With the above solution for the wave-induced pore pressures, we can
determine the modified Shields numbers with seepage. Note that the
above solution was based on linear wave loading in an infinite seabed
(Hsu et al., 1993).

Numerical model for wave-induced seepage
As mentioned previously, the analytical solution (Hsu et al., 1993)
was based on the linear wave. As reported in Le Méhauté (1976), the
applicable range of the linear wave theory is valid for deep water and
small wave steepness, as shown in Fig. 2. In order to consider a large
waves with an appropriate wave model, numerical model for the seabed
model using the open-source CFD toolbox OpenFOAM R© is used here.
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Fig. 2 Application scope of various wave theories (Le Méhatué,
1976)( * Fig. 3; 4 Fig. 6; ◦ Fig. 9; � Fig. 10 and 11; + Fig.
12).

The IHFOAM model (Higuera et al., 2013) is used for the generation of
water waves inside the domain by imposing the water surface elevation
and the flow velocity field via a relaxation function. In this paper, the
wave model is simulated by using the fifth-order Stokes wave theory for
the simulation of wave propagation and the wave pressure at the bottom
of fluid field is used as the boundary condition of the seabed surface.

In this study, the seabed model is based on the quasi-static (QS) model
(Biot, 1941) and established within the open source code OpenFOAM R©.
The seabed model is integrated with the IHFOAM under the framework
of PORO-FSSI-FOAM (Liang et al., 2018; Duan et al., 2019).

The wave-induced seepage can be further determined, based on the above
PORO-FSSI-FOAM without a structure. Note that the numerical model
has been validated against with numerous experimental data for differ-
ence conditions, for example, flow field and seabed under wave loading,
combined wave and current loading, and with breakwaters, pipelines and
breakwaters (Liang, 2020).

RESULTS AND DISCUSSIONS

The aim of this study is to investigate the influence of the wave-induced
seepage on the onset of sediment motion through the modified Shields
number. The wave-induced seepage is calculated by two methods, they
are: (1) analytical model for an infinite seabed under linear waves, and
(2) numerical model for a seabed of finite thickness under the fifth
Stokes waves. Then, the impact of the seepage on sediment incipient
motion would be examined through a parametric study. Detailed
parameters used in the numerical examples are listed in Table 1. The
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wave conditions used in the examples are marked in Fig. 2. In the
numerical examples, results obtained from both analytical solution and
numerical models are included.

Table 1 Input data for numerical examples.

Characteristics Value Unit
Wave characteristics

Wave height (H) various [m]
Wave period (T ) various [s]
Water depth (d) various [m]
Dynamic viscosity (ν) 1.308×10−3 [N·s/m2]
Water density (ρw) 1000 [kg/m3]
Bulk modulus of elasticity of water (Kw) 2.0×109 [N/m2]

Seabed characteristics
Seabed thickness (h) 10 m or infinite [m]
Permeability in the x direction(kx) various [m/s]
Permeability in the z direction(kz) various [m/s]
Poisson’s ratio (µ) 0.3 –
Porosity (n) 0.448 –
Degree of saturation (S r) various %
Shear modules (G) 8.58×106 [N/m2]
Density of soil (ρs) 2679 [kg/m3]
Particles size (d50) 2.15×10−4 [m]
Friction coefficient of soil ( f ) 0.58 -

Effects of Seepage on Shields number
According to Eqs. (13) and (14), the modified Shield number is affected
by the scaling factor (ez and exz), when we consider the wave-induced
seepage. Fig. 3 illustrates the change of dynamic wave pressure and
scaling factors in different phases. In this example, the small scale in
the wave flume is used. As shown in the figure, scaling factors (ex, ez

and exz) display the periodic changes under the dynamic wave pressures
on the surface of the seabed. There are phases difference between
the dynamic wave pressure and scaling factors. The phase difference
between wave pressure and ex is π/2. That is, the contribution of the
horizontal seepage to the modified Shields parameter is 0 at wave crests
and troughs, and the maximum contribution occurs at where the wave
pressure is 0. The scaling factors (ez and exz) have a phase difference
nearly π with the dynamic wave pressure. Therefore, when the pressure
is maximal, ez and exz are minimal, that is, the wave-induced seepage
extremely restrains the sediment incipient motion at wave crests, and
extremely promotes the sediment incipient motion at wave troughs. This
is similar as the liquefaction mechanism. At the same time, scaling
factor ex has a phase difference nearly π/2, so that the effect of ex and
ez on the seabed is nearly opposite. This implies that when the upward
seepage force promotes the process of sediment incipient motion, the
horizontal seepage restrained the sediment incipient motion in most
positions of seabed surface. Only in a few positions of seabed surface,
the effect of horizontal seepage on sediment incipient motion is in a
same order of the vertical seepage, and in this condition, exz > ez.
In this example, due to small wave height, numerical solution shows
quantitative agreement with analytical solution in appearance but a little
smaller in the maximum of scaling factors.

Fig. 4 presents the distribution of the Shields parameters, with the
same input data as Fig. 3. In the figure, the critical Shields number is
also included. It has been well-known that sediment incipient motion
will occur, when the Shields parameters is greater than critical Shields
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Fig. 3 Variations of wave pressures and scaling factors at different
phases. Input Data: H=0.2 m, T=1.6 sec, d=1 m, G= 8.58
×106 N/m2, kx=kz=2.382 ×10−6 m/s, S r=98%.

parameter. The critical Shields number is related to particle diameter, as
defined in Eq. (12). As shown in Fig. 4, the modified Shields parameters
can strongly promotes the sediment incipient motion and the range of
sediment incipient motion is lagged, if the horizontal seepage is ignored.
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Fig. 4 Comparisons of critical Shields number with the original
and modified Shields numbers.

To further clarify the mechanism, Fig. 5 provides force exerting of
particles at the surface of seabed at four phases, corresponding to Fig.
3. The main differences between four forces exerting are magnitudes
and directions of wave-induced seepage in the vertical and horizontal
directions.

In Figs. 3 and 5, Phase 1 represents the position of the wave crest
where provides a downward pressure within the seabed. The direction
of vertical seepage is sticking straight down, which is the same direction
with submerged weight force and the horizontal seepage is 0, as seen
in Fig. 5(a). At the same time, it is obvious from Fig. 4 that ez is
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Fig. 5 Forces exerting of four special phases.

equal to exz because the horizontal seepage force does not provide any
contribution to the sediment incipient motion. Upward seepage force
retains the process of sediment incipient motion because the scaling
factors ez and exz less than 0.

Phase 2 represents the phase where ez is equal to 0 (i.e., the vertical
seepage is equal to 0). In the condition, the influence of seepage to
sediment incipient motion comes from the horizontal seepage, as shown
in Fig. 5(b). As shown in Fig. 3, ex > 0 and ez = 0, the horizontal
seepage enhances the process of sediment incipient motion, which
can be observed in Fig. 4, where θz is equal to the θ before half of
the phase. In the range between phase 1 and phase 2, if the sediment
incipient motion occurs, the range of sediment incipient motion would
be over-estimated, if only the vertical seepage is considered.

At phase 3, the wave pressure and the value of the horizontal seepage is
the same as that at phase 1. However, phase 3 enhances the sediment
incipient motion because scaling factor ez > 0, as shown in Fig. 3 and
vertical seepage is upward, opposite to the submerged weight (Fig.
5(c)). Therefore, the seabed may be liquefied or the onset of sedi-
ment motion occurs, depending on the magnitude of the upward seepage.

Phase 4 shows the condition where the vertical seepage is 0 and the hor-
izontal seepage restrains the sediment incipient motion as shown in Fig.
5(d). In the range between phases 3 and 4, vertical seepage enhances
the process of sediment incipient motion and horizontal seepage plays an
opposite role.

Effects of wave characteristics
The influence of wave-induced seepage on sediment incipient motion
changes periodically. Therefore, all soil particles on the seabed surface
would be in every phase at different time as shown in Fig. 4, in which
the larger the maximum Shields parameter is, the lager the range of
sediment incipient motion under the condition of the critical Shields
parameter (θcritical). In the following examples, all analyses are based on
the maximum Shields parameter.

The ratio of modified Shields parameter and conventional Shields param-

eter is calculated as:

θmodi f ied/θ =
1

1 − ei
, i = x, xz. (23)

The influence of water depth (d) on modified Shields parameter (θmod/θ)
is presented in Fig. 7. Herein, d/gT 2 is used as a non-dimensional
parameter, which represents the relative water depth, because the wave
length in deep water is related to gT 2. As shown in the figure, θmod/θ

will approach to infinite at a particular water depth, because (1 − ei)
approach zero, as shown in Fig. 6 for θ/θmod = 1 − ei.
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Fig. 6 Ratios of modified Shields number with conventional
Shields numbers(θmod/θ) in various water depths. In-
put Data: H=2 m, T=10 sec, G= 8.58 ×106 N/m2,
kx=kz=2.382 ×10−6 m/s, S r=98%.

As seen from the Fig. 6, when θmod/θ > 0 (i.t., the upper right
corner in figure), sediment incipient motion occurs without seabed
liquefaction. It expresses the same implications in Fig. 7 where
θ/θmod > 0. It is a special condition when θ/θmod = 0 which represents
sediment incipient motion and liquefaction occur at the same time.
In addition, liquefaction already occurs before reaching the critical
condition of sediment incipient motion when θmod/θ < 0, where
has the same meaning in Fig. 7 when θ/θmod < 0. The focus of
this paper is to discuss the influence of seepage on sediment incipi-
ent motion, therefore, only the condition of θmod/θ > 0 is analysed below.

The new contribution of the paper is the inclusion of the influence of
two-dimensional seepage force on sediment of incipient motion. To
further investigate the case for a particular water depth, where θmod/θ

approach to infinite, the distribution of θ/θmod is plotted in Fig. 7. It is
obvious from Fig. 7 that the inclusion of wave-induced seepage makes
significant contribution, when d/(gT 2) approaching a critical condition
where both sediment incipient motion and liquefaction occur at the same
time. With the increasing of water depth, the influence of the horizontal
seepage force becomes less, as seen from Figs. 6 and 7.

The effects of water depth on the ratio of various Shields parameters
and critical Shields parameter is represented in Fig. 8 (i.e., this figure
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Fig. 7 Ratios of conventional Shields number with modified
Shields numbers in various water depths. The input data
is the same as Fig. 6.
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Fig. 8 Ratios of Shields number with critical Shields numbers in
various water depths. The input data is the same as Fig. 6.

investigates the water depth where only sediment incipient motion
occurs). As shown in the figure, the ratios of various Shields parameters
and critical Shields parameter drop with the increase of d/gT 2. The
onset of sediment motion will not occur until reaching the critical water
depth, where the ratios of various Shields parameters and critical Shields
parameter is 1. Herein, the modified critical water depth of sediment
incipient motion is larger than conventional critical water depth, thus,
the effect of seepage is significant. It is observed from the figure that
significant differences between θz/θcr and θxz/θcr can be found for small
water depth. Therefore, the critical water depths of them are similar.

Wave height is one of important wave parameters in the prediction of
sediment incipient motion and seabed liquefaction. The non-dimensional
parameter H/gT 2 reflects the wave steepness. The influence of H/gT 2

on modified Shields parameter is presented in Fig. 9. As seen in the
figure, θmod/θ increases with H/gT 2. The difference between the present
model (θxz) and the previous model (θz, Guo et al. (2019)) becomes
more significant when H/gT 2 increase.

Effects of seabed characteristics
As reported in the literature, soil permeability, shear modulus and degree
of saturation are key parameters that directly effect the wave-induced
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Fig. 9 Distribution of θmod/θ vs wave heights. Input Data: d=26
m, T=10 sec, G= 8.58 ×106 N/m2, kx=kz=2.382 ×10−6

m/s, S r=98%.

soil response (Jeng, 2018). In this section, we further investigate their
influence on the shields numbers.
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Fig. 10 Distribution of θmod/θ vs shear modulus. Input Data: d=26
m, H=2 m, T=10 sec, kx=kz=2.382 ×10−6 m/s, S r=98%.

Fig. 10 illustrates the effects of shear modulus on the modified Shields
parameter. In general, θmod/θ increase with shear modulus. However,
it is obvious that the modified Shields parameter with upward seepage
increase faster than that with two-dimensional seepage and the influence
of seepage on sediment incipient motion is overestimated. At the same
time, the difference between θz and θxz is lager with the increasing of
shear modulus. Therefore, the horizontal seepage should not be ignored
for the seabed with large shear modulus.

Hydraulically anisotropy of soil (i.e., different directions have different
permeability coefficients), is considered in this study. The preliminary
study found that permeability coefficient in x-direction hardly affects the
sediment incipient motion. Therefore only the results of the permeability
coefficient(kz) is presented in Fig.11. The modified Shields parameter
rapidly reduces with the increasing of permeability coefficient(kz). The
value of θz/θ is obviously higher than θxz/θ. This implies that the Shields
parameter is overestimated, if only the vertical seepage is considered.
The difference between θz and θxz should be considered with the drop of
kz.

The saturation of soil is a percentage of the filling water in the pores
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Fig. 11 Distribution of θmod/θ vs permeability of z-direction. Input
Data: d=26 m, H=2 m, T=10 sec, G=8.58 ×106 N/m2,
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Fig. 12 Distribution of θmod/θ vs degree of saturation. Input
Data: d=26 m, H=2 m, T=10 sec, G=8.58 ×106 N/m2,
kx=kz=2.382 ×10−6 m/s.

of the reaction soil. The influence of saturation (S r) on the modified
Shields parameter is displayed in Fig. 12. It is seen from the figure
that the higher of soil saturation, the smaller of modified Shields
parameters and the smaller of difference between θz and θxz. Note
that the difference between θz and θxz becomes insignificant when (S r)
approaches to one. This implies that the horizontal seepage needs to
be considered for unsaturated seabed, rather than nearly saturated seabed.

Comparative analysis of numerical and analytical solu-
tion
In this study, two methods are used to determine the affect of wave-
induced seepage. The analytical solution (Hsu et al., 1993) is for
an infinite seabed under linear wave, while the numerical model
(PORO-FSSI-FOAM) is for a seabed of finite thickness under non-linear
waves. In above numerical examples, the results of analytical solution
are presented in ”lines”, while the results of numerical simulation are in
”symbols”.

As shown in Figs. 6–9, significant differences between the numerical
model and analytical model can be found for large wave or shallow
waters. The difference comes from the limitation of linear wave theory.

The modified effects of Shields parameters on soil parameters is larger
on numerical model comparing with analytical model, however, the
trend is more gentle with the change of soil parameters, as shown
in Figs. 10–12. It comes from the finite thickness of seabed model.
The difference between vertical and two-dimensional modified Shields
parameters on numerical model is the same trend, therefore, the smaller
value as analytical model.

CONCLUSIONS

In this study, two-dimensional seepage is considered to examine its
effects on sediment incipient motion. The modified Shields numbers
are derived based on the force balance and the wave-induced seepage.
Based on parametric study, the following conclusion can be drawn.

(1) Scaling factors change periodically with the various of phase and
the contribution of horizontal and vertical seepage on sediment
incipient motion at different phases are examined. At the phases
where the contribution of vertical seepage is 0, it is necessary to
consider the effect of the horizontal seepage.

(2) The influence of wave parameters on the modified Shields param-
eters is significant. The smaller of water depth and sharper of
wave form (the larger of H/gT 2), the modified effect of Shields
parameter is more obvious.

(3) It is found that the effects of G, S r and kz are more significant com-
paring with all of the soil parameters. The modified effect and
the difference of vertical and two-dimensional modified Shields
parameters raise with the increasing G and the decreasing of S r

and kz.

(4) The various trend of θmod/θ on numerical models is the same as ana-
lytical models, therefore, the difference of θz and θxz on numerical
models is smaller than analytical models.
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