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Abstract: Pipelines have been used as one of the main transportation methods for the offshore
industry, with increasing activities in marine resources recently. Prediction of seabed instability is
one of key factors that must be taken into consideration for an offshore pipeline project. As the
first step of the scour process, sediment incipient motion has been intensively studied in the past.
Most previous investigations didn’t consider the wave-induced seepage in the elevation of sediment
motion. In this paper, two-dimensional seepage was considered to modify the conventional Shields
number and its associated impact on sediment incipient motion around the trenched pipeline was
investigated. Both flat and sloping seabeds are considered. The numerical results indicated that a
peak or valley of the modified Shields number was formed below the pipeline and horizontal seepage
flow tremendously impact the sediment motion in the vicinity of the pipeline. Parametric analysis
concludes: the influence of the seepage around the pipeline becomes more significant in a large wave,
shallow water in a seabed with large shear modulus and permeability, and larger pipeline diameter
and smaller flow gap ratio. This will make soil particles be more easily dragged away from the
seabed.

Keywords: modified shields number; sediment incipient motion; pipeline; pore-water pressures;
2D seepage

1. Introduction

Offshore Pipelines have been one of key offshore installations for the offshore oil
and gas industry, due to the growth of development of marine resources. In the marine
environments, the existence of a pipeline changes the flow pattern and promotes the ability
of sediment transport, which further affects the scour process [1–3]. The development
of scour beneath pipelines can cause a free spanning pipeline that will cause further
structural damage.

In general, sediment incipient motion occurs at the beginning stage of local scour
around marine installations [4]. Sediment threshold is not only important for the general
problems of sediment transport and scour, but also impacts the scour protection and the
design of mitigation measures in engineering. Hence, it has been extensively studied by
scientists and engineers [5]. Shields number originally proposed by Shields [6] has been
widely used as an index for the sediment to move from the static condition [4].

Since Shields [6], numerous modifications of conventional Shields number have been
proposed, based on a series of laboratory tests and field measurements. Among these,
Madsen and Grant [7] determined the maximum bottom shear stress under an oscillatory fluid
motion according to the wave friction factor concept [8] and proposed the Shields criterion
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for oscillatory unsteady flow. Whitehouse [9] and Chiew and Parker [10] investigated the
threshold condition for the onset of cohesionless sediment transport on a sloping seabed.
Later, Juez et al. [11] proposed a new Shields number considering gravity currents over steep
slopes and investigated the bed load transport at the action of gravity currents through both
experimental and numerical models, based on their previous studies for bed load transport
over the sloping river [12–14]. However, only the basic forces (i.e., included submerged
weight force, left and drag force) were included, and the seabed surface was assumed as an
impermeable and rigid boundary in their studies, in which the seepage force was ignored.

In general, the seepage velocity in a seabed is rather small, compared with the free-
stream velocity [15]. Therefore, it has been considered as a minor effect on the flow fields.
However, its associated change with the hydrodynamic force on the seabed surface could
be visible for some cases with a structure [16]. Hence, it is necessary to consider the impact
of seepage to the sediment motion. For example, as pointed out by Cheng [17] and Sumer
et al. [18,19], seepage has significant effects on sediment incipient motion based on their
experiments. Qi and Gao [20] reported that the upward seepage brings the sand-bed
more susceptible to scouring based on their wave flume experiments. In addition to the
experimental studies, Niven [21] theoretically examined the onset of sediment motion with
upward seepage. Recently, Yang [22] further proposed a formulas for sediment transport
due to vertical flows.

To date, only a few studies have considered seepage on incipient sediment motion
quantitatively. Cheng and Chiew [23] considered the upward seepage in the force analysis
for the threshold condition of sediment incipient motion and verified their theoretical
model by a series of laboratory experiments. Recently, Guo et al. [24] further proposed
a new Shields number with the upward seepage, and integrated it into their numerical
model (COMSOL model) to investigate the impact of upward seepage under an oscillatory
flow. Later, Li et al. [16] further included the upward seepage in their CFD scour model
(OpenFOAM model). However, these studies only considered the upward seepage, i.e., one-
dimensional. In fact, the real scientific problem should be either 2D or 3D.

The combination of scour and soil response has always been a major difficulty in
the field of marine engineering [25]. The purpose of this study is to make a preliminary
connection of scour and soil response by considering seepage on sediment incipient motion,
which would be further drawn into the process of scour in future research. By the way,
the process of scour around marine structures would be more accurately predicted, which
has a great effect on the scour protection and the design of mitigation measures.

In this paper, we proposed a new modified Shields number by considering 2D wave
(current)-induced seepage. The paper is organized as follows: in Section 2, the previous
numerical model (PORO-FSSI-FOAM, [26,27]) for the wave/current induced soil response
in a porous seabed in the vicinity of a submarine pipeline is outlined. In Section 3, the new
Shields number will be derived. Then, the effects of 2D seepage on sediment motion will
be investigated. In Section 4, comparisons between the new Shields number with the
conventional Shields number will be presented through the parametric study. In Section 5,
the proposed model will be applied in the cases with a submarine pipeline in a trenched
layer. Finally, the key finding will be summarized in Section 6.

2. Theoretical Model
2.1. CFD Model (PORO-FSSI-FOAM)

The problem of wave–seabed interactions in the vicinity of a submarine pipeline has
been studied since the 1980s, based on the poro-elastic theory including wave experimental
studies [28] and numerical modeling [29,30] for wave loading. Recently, some studies
considered both wave and current loading and the pipeline in a trenched layer [26,31].

In this study, the porous model for the fluid-seabed-structure interactions (PORO-FSSI-
FOAM) proposed in the previous study [26] is used to determine the wave/current induced
seepage within the porous seabed with a pipeline. In the present model, the two-phase
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fluid flow domain above the seabed is simulated by olaflow later [32], while the porous
seabed is simulated by the Biot Quasi-Static (QS) model [26,33].

The problem of fluid–seabed–pipeline interaction considered here is depicted in
Figure 1. As shown in the figure, the pipeline is located at the position about 25D from the
inlet and h above the seabed surface, which is spanned in the flow field.

d
d s

h

25D 50D

(a) A flat seabed

x'

z'

β

seabed

d

h

x

z

25D 50D

D

d
s

(b) A sloping seabed

Figure 1. The sketch of waves and currents over a spanning pipeline in (a) a flat seabed, and (b) a
sloping seabed.

In the flow model, the two-phase fluids model of air and water is established to
simulate the wave propagation and the wave pressure, since the only difference between
the present study and the previous work [34] is the inclusion of pipeline and uniform
currents. Herein, we do not repeat the governing equations for the olaflow. The details
of the governing equations of olaflow can be found in Higuera et al. [32], Higuera [35],
Zhai et al. [34].

For the seabed model, the Quasi-Static(QS) model [36] is employed in the soil–pipeline
model to describe the soil response. In the model, the soil skeleton is assumed as an
isotropic elastic material.

Based on the conservation of mass and momentum, the governing equations for the
flat seabed model are listed here:
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where ps is the pore pressure of the seabed; and βs is the compressibility of pore fluid,
which is related to degree of saturation (Sr); us and ws are the soil displacements in x- and
z- directions, respectively; ns is the soil porosity; ks is the permeability of the seabed; γw is
the unit weight of pore water; µs is the Poisson′ ratio, and Gs is the shear modulus of soil.

The above governing equations for the seabed model, (1)–(3), are established in global
coordinates, which should be redefined in local coordinates for a slop seabed. The sketches
of numerical domain are displayed in Figure 1, and both global (x,z) and local (x′,z′) axes
are defined. In the model, the projected gravity in global coordinates is adopted [11]:

g′ = g cos β = g(cs), (4)

in which β is the angle of slop seabed and cs = cos β is introduced to simplify the expression
in the following equations.

By considering a control volume with vertical sides in local coordinates, the relation-
ships among local and global variables are given by [11]:

z′ = z cos β, x′ = x/ cos β. (5)

With the above transformation, the governing equations for the seabed model in the
local axes (x′,z′) should be transferred to the global axes (x, z) as:
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, (6)
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, (8)

in which p′s is the pore-pressure in the slop seabed and u′s and w′s are the soil displacements
in x′- and z′-directions, respectively.

For the seabed model, the following boundary conditions are specified. At the seabed
surface, the pore pressure (ps) should be equal to the wave pressure (pw) and the stresses
vanish [37],

ps = pw,

{
σz = τxz = 0 at z = 0 for a flat seabed
σz′ = τx′z′ = 0 at z′ = 0 for a sloping seabed

(9)

At the seabed bottom and two lateral sides, no vertical flow and displacement occur as:

us = ws =
∂ps

∂n
= 0. (10)

where n is the normal direction of the boundaries.
In this study, the pipeline is considered as a rigid impermeable object. Then, the no-

flow boundary condition is applied to its surface:

∂ps

∂n
= 0. (11)

Based on the seabed model, the pore pressure and soil displacement can be deter-
mined. Then, the pore pressure gradient and two-dimensional seepage can be further
obtained. In this study, both flow and seabed models are established in the OpenFOAM
environment. The seabed model established by the QS model ignores the relative displace-
ment acceleration between the fluid and soil particles. The communication of the two
sub-models takes place at the boundaries in one direction. Therefore, this is a one-way
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integrated model. The flow chart for the one-way integration of two models is illustrated
in Figure 2.
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Figure 2. Flow chart of the one-way coupling process of the present model.

2.2. Grid Independence Tests

In general, the density of grid tremendously affects the accuracy of numerical results.
In order to ensure the accuracy of numerical simulations, different grid densities of wave
and seabed models were adopted to perform the validation of grid independence.

Figure 3a,b illustrate the variations of the wave free surface versus time with different
grid sizes in the x- and z-directions, respectively. The input data are tabulated in Table 1. It
is clear that the maximal grid size is ∆x = L/80 in the x-direction and ∆z = H/40 in the
z-direction, when the numerical results are not affected by the grid size. Therefore, the grid
size is designed as ∆x = L/80 and ∆z = H/40 for the flow model.
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Table 1. Input data for the validation of grid independence.

Parameters Value Parameters Value

Wave height (H) 2 (m) Wave theory (T) 4 (s)
Water depth (d) 10 (m) Seabed permeability (ks) 3.56×10−5 (m/s)
Shear modulus (G) 8.58 × 106 (N/m2) Porosity (ns) 0.396
Poisson’s ratio (µs) 0.32 (N/m2)
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(a) Different grid density in the x-direction
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(b) Different grid density in the z-direction

Figure 3. Variations of wave free surface versus time with different grid density for the wave model.

Similarly, for the seabed model, the gradient of pore pressure in the z-direction (∂ps/∂z)
varying time with different grid size is indicated in Figure 4. As shown in the figure,
∆z = hs/200 can satisfy the requirements of accuracy. Therefore, it is used in the present
numerical seabed model.
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Figure 4. Gradient of pore pressure (∂ps/∂z) in the z-direction versus time with different grid density
for the seabed model.

2.3. Model Validations

Since the study on the impact of wave(current)-induced seepage to the sediment
motion is limited, no experimental data have been available in the literature. In the
section, we can only validate the wave-induced pore pressure in a seabed for the proposed
model. Both flow and seabed models will be validated by comparing the numerical results
with previous data from other numerical solutions and experimental data. The following
validations will be presented in this section.

• Validation of the flow model: Comparison with the experimental data for the wave
models with a pipeline laid on a seabed [38].

• Validation of seabed model #1: Comparison with the laboratory experimental data
with a fully buried pipeline in a seabed [28] and the boundary element model [29].

• Validation of seabed model #2: Comparison with the wave flume tests for the seabed
model with a trenched layer [31].

In addition to the above validations, numerous validation of the present numeri-
cal model, including flow and seabed sub-models, for the cases without a structure are
available in the authors’ previous work [34].

2.3.1. Validation of the Flow Model

The validation of the flow model is to compare the flow velocity above the pipeline
calculated by the numerical model with the experimental results of Mattioli et al. [38].
In this comparison, the present model is simplified to the case without a seabed, i.e., wave–
pipe interactions. This is to ensure that the sketch of the flow model is the same as that of
Mattioli et al. [38]. The input data of the validation are listed in Table 2.

Table 2. Input data used in the comparison with Mattioli et al. [38].

Parameters Value

Wave height (H) 0.1 (m)
Wave period (T) 2 (s)
Water depth (d) 0.3 (m)
Distance from the pipeline to the seabed surface (e) 0 (m)
Pipeline diameter (D) 0.1 (m)
Reynolds number (Re) 1.76 × 104

Figure 5 illustrates the vertical variations of the horizontal velocity (u∗ = u/(H/T),
where u denotes the horizontal velocity) through the center of the pipeline (z/D), in which
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the wave phases (φ) are 90◦ and 180◦. The result shows that the present model overall
agrees with the experimental data [38].

-5 0 5 10 15

u*

0.5

1

1.5

2

z/
D

Figure 5. Comparisons of velocity (u∗) between the present model and experimental data [38].

2.3.2. Validations of the Seabed Model

In the section, the seabed model will be validated by comparing it with previous data
from the literature. Among these, in the first validation for the seabed model, the seabed
model with a fully buried pipeline is compared with the experimental data of Turcotte
et al. [28] and the previous numerical model of Cheng and Liu [29]. In the experiments,
the trench layer is surrounded by impermeable walls. The input data of this comparison
are given in Table 3, and the distributions of the pore pressure (|ps|/p0) along the pipeline
(θp) under the wave loading are represented in Figure 6. As shown in the figure, the present
model can capture the essential trends of the previous numerical model [29] and the
experimental data [28].

Table 3. Input data used in the validation with Turcotte et al. [28] and Cheng and Liu [29].

Parameters Value Parameters Value

Water depth (d) 0.533 (m) Pipeline diameter (D) 0.168 (m)
Trench width (Ltr) 4.57 (m) Trench depth (S) 0.826 (m)
Burial depth (e) 0.107 (m) Seabed permeability (ks) 1.1 × 10−3 (m/s)
Poisson’s ratio (µs) 0.33 (N/m2) Porosity (ns) 0.42
Young’s modulus (E) 1.76 × 106 (N/m2)

The second validation of the seabed model is for the case of a half buried pipeline in a
trenched layer [31]. In their experiments, a sediment basin with the size of 2 × 1 × 0.58
m (L×W × D) was used to explore the seabed response around the pipeline. The results
of case 49 were used to compare with the present model. The detailed input data were
tabulated in Table 4.
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Figure 6. Distributions of the pore pressure (|ps|/p0) along the periphery of the pipeline (θp).

Table 4. Input data used in Sun et al. [31].

Parameters Value Parameters Value

Wave height (H) 0.12 (m) Wave theory (T) 1.6 (s)
Water depth (d) 0.4 (m) Pipeline diameter (D) 0.1 (m)
Trench width (Ltr) 0.96 (m) Trench depth (S) 0.2 (m)
Burial depth (e) 0.05 (m) Seabed permeability (ks) 3.56 × 10−5 (m/s)
Poisson’s ratio (µs) 0.32 (N/m2) Porosity (ns) 0.396

The comparisons of the normalized excess pore pressure (| ue | /σ′0) around a pipeline
are presented in Figure 7a, while the distribution of the pore-water pressure (| ue |) versus
seabed depth (z/h) is plotted in Figure 7b. Here, σ′0 = (γs − γw)z(1 + 2K0)/3, where K0
is the coefficient of lateral earth pressure at rest. As seen from Figure 7, the trend of the
numerical solution is consistent with the experimental data [31].
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Figure 7. Comparisons of the excess pore pressures (|ue|/σ′0) between the the experimental data [31] and the present model.



J. Mar. Sci. Eng. 2021, 9, 580 10 of 31

In the above validations, both flow and seabed models in different conditions were
validated. This demonstrates the capacity of the present model for flow and seabed fields,
which would further calculate the seepage force correctly.

3. New Shields Number with Seepage Flow

In general, the onset of sediment motion will occur when the driving force acting on
the particles is greater than the resistance. Based on the force balance of a soil particle,
Shields [6] defined the Shields number (θ) as

θ =
τb

(γs − γw)d50
, (12)

where γw and γs are the unit weight of fluid and sediment, respectively; d50 is the mean
grain size and τb is the bed shear stress, which is determined by:

τb = ρwu2
∗. (13)

in which u∗ is the friction velocity at the seabed surface, and ρw is the density of the fluid.
In this study, a non-cohesive sandy seabed is considered. Considering a coordinate

system as shown in Figure 8, the soil particles at the seabed surface are subjected to the
following forces:

(1) In the z-direction: they are submerged weight (W ′), lift force (FL), and seepage force in
the z-direction (Fsz).

(2) In the x-direction: they are drag force (FD) and seepage force in the x-direction (Fsx).

Figure 8. Forces balance of a soil particle.

The equilibrium equation of the sediment particles at the seabed surface can be
expressed as

(W ′ − FL − Fsz) f = FR = Fsx + FD, (14)

in which f is the static friction coefficient, and FR is the resistant force in the x-direction.
Herein, all soil particles are assumed to be spheres with a uniform diameter of d50,

then the submerged weight, lift force, and drag force in (14) can be written as:

W ′ = (γs − γw)
πd3

50
6

, (15)



J. Mar. Sci. Eng. 2021, 9, 580 11 of 31

FL = CL
πd2

50
4

ρwu2
0

2
, (16)

FD = CD
πd2

50
4

ρwu2
0

2
, (17)

where CL and CD are the lift and drag coefficients, respectively, and u0 is the flow velocity
approaching to the particle at the seabed surface.

Substituting (15)–(17) into (14), the following relation can be obtained:

τc

(γs − γw)d50[1− Fsz
W ′ −

Fsx
W ′ f ]

=
4 f

3(CD + CL f )[ f2(Re)]2
, (18)

in which τc is the bed shear stress at the critical condition, Re is the Reynolds number;
f2(Re)(= u0/u∗) is the ratio of velocity of the particles and friction velocity [5].

The left side of (18) is the new Shields number modified of two-dimensional seepage.
Compared with (12), the extra part of 1

(1− Fsz
W′ −

Fsx
W′ f )

reflects the impact of two-dimensional

seepage. In order to calculate the extra part, seepage force should be calculated firstly,
which would be obtained above.

Considering the soil-fluid mixture of the seabed, the seepage within a porous medium
can be decomposed into the x- and z-directions and expressed as [34,39,40],

Fsz = −
∂ps

∂z
πd3

50
6(1− ns)

, (19)

Fsx = −∂ps

∂x
πd3

50
6(1− ns)

. (20)

in which ns is the soil porosity and ps is the pore-pressure in the seabed.
It is clear from the right-hand-side of (14) that the resultant force in the x- direction

is the same as the horizontal seepage force (Fsx) and drag force (FD). Therefore, the sign
must be consistent when they have the same direction and vice versa. However, the sign of
FD is always positive as seen from (17), and its direction is the same as the flow. For that,
u0
|u0|

is introduced to adjust the sign of Fsx to realize that Fsx is positive when it has the
same direction with FD and Fsx is opposite when it has the opposite direction with FD.
However, u0

|u0|
can be used only when u0 is not equal to zero and the condition when u0 = 0

should be discussed separately, which is due to the fact that u0
|u0|

is meaningless as the
denominator and can not be a parameter to adjust the sign of Fsx. For the special condition,
drag force is zero, and there is only Fsx in the horizontal direction. Hence, only |Fsx| should
be considered.

Now, the horizontal seepage force (Fsx) is rearranged as

Fsx =


− u0
|u0|

∂ps
∂x

πd3
50

6(1−ns)
, u0 6= 0,

| ∂ps
∂x |

πd3
50

6(1−ns)
, u0 = 0.

(21)

Here, the scaling factors ei (i = x, z, xz) are introduced to represent the impact of
seepage to the modified Shields number:

ex =
Fsx

f W ′
=


− u0
|u0|

∂ps
∂x

1
(γs−γw)(1−ns) f , u0 6= 0,

| ∂ps
∂x |

1
(γs−γw)(1−ns) f , u0 = 0.

(22)

ez =
Fsz

W ′
= −∂ps

∂z
1

(γs − γw)(1− ns)
, (23)
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exz =
Fsx/ f + Fsz

W ′
= ex + ez =


− 1

(γs−γw)(1−ns)

[
1
f

u0
|u0|

∂ps
∂x + ∂ps

∂z

]
, u0 6= 0,

1
(γs−γw)(1−ns)

[
1
f |

∂ps
∂x | −

∂ps
∂z

]
, u0 = 0.

(24)

Now, we introduce the modified Shields numbers, θz and θxz, to represent the impact
of seepage:

θz =
τb

(1− ez)(γs − γw)d50
=

θ

1− ez
, (25)

θxz =
τb

(1− exz)(γs − γw)d50
=

θ

1− exz
, (26)

in which the conventional Shields number(θ) given in (12) and the modified Shields number
with vertical seepage given in (25) [24]. Note that d50 was used to replace the particle size
of soil and uniform soil was considered in the above derivation of the modified Shields
number. That is, we ignored the influence of wide graded of soil on the modified Shields
number in practical situations. This is an important point to further investigate the influence
of the widely grade of soil on the modified Shields number in the future.

Now, we further consider the influence of seepage on a sloping bed. In a sloping
seabed, a coordinate system has a parallel to the slope as the x′-direction and perpendicular
to the slope as the z′-direction, as shown in Figure 9. The force balance on a sloping bed is
presented in the figure.

Figure 9. Forces exerting of a soil particle on a sloping bed.

Based on the force balance, the equilibrium equation in the x′-direction can be writ-
ten as:

(W ′ cos β− FL − Fsz′) f = FR = Fsx′ + FD + W ′ sin β, (27)

Substituting (15)–(17) into (27), the following relation can be obtained:

τc

(γs − γw)d50[1− (
Fsz′
W ′ +

Fsx′
W ′ f )/(cos β− sin β/ f )]

=
4 f (cos β− sin β/ f )

3(CD + CL f )[ f2(Re)]2
, (28)

With the similar process, the seepage components in the x′ and z′ can be expressed as:

Fsx′ =


− u0
|u0|

∂ps
∂x′

πd3
50

6(1−ns)
, u0 6= 0

| ∂ps
∂x′ |

πd3
50

6(1−ns)
, u0 = 0

, Fsz′ = −
∂ps

∂z′
πd3

50
6(1− ns)

. (29)



J. Mar. Sci. Eng. 2021, 9, 580 13 of 31

Herein, the scaling factors for a sloping seabed (e′x and e′z) are introduced below:

ex′ =
Fsx′

f W ′(cos β− sinβ/ f )
=


− u0
|u0|

∂ps
∂x′

1
(γs−γw)(1−ns) f (cos β−sin β/ f ) , u0 6= 0,

| ∂ps
∂x′ |

1
(γs−γw)(1−ns) f (cos β−sin β/ f ) , u0 = 0.

(30)

ez′ =
Fsz′

W ′(cos β− sin β/ f )
= −∂ps

∂z′
1

(γs − γw)(1− ns)(cos β− sin β/ f )
. (31)

Similar to the case with a flat seabed, the scaling factor for a sloping seabed, ex′z′ =
ex′ + ez′ , is introduced to represent the influence of 2D seepage on the Shields number.
Meanwhile, similar to (25) and (26), modified Shields numbers θz′ and θx′z′ on a sloping
seabed can be written as:

θz′ =
θ

1− ez′
, θx′z′ =

θ

1− ex′z′
. (32)

Note that, when the angle of slop seabed is zero, i.e., a flat seabed, the results of
modified Shields numbers θz′ and θx′z′ are identical to θz and θxz in (25) and (26).

It is clear that the influence of the 2D seepage on sediment incipient motion depends
on the scaling factor (exz or θx′z′ ). The ratio, 1/(1− exz) or 1/(1− ex′z′ ), is a magnification
of the Shields number under the influence of 2D seepage in a flat seabed or sloping
seabed. According to this, it is found that 2D seepage would promote the sediment
incipient motion when 1/(1− ex′z′) > 1 and restrain the onset of sediment motion when
0 < 1/(1− ex′z′) < 1. In addition, for the special case when 1/(1− ex′z′) < 0, the seepage
force is larger than the submerged weight force and the soil particle is in the suspension
state, which is beyond the scope of our research.

Equations (25), (26), and (32) used for the evaluation of the influence of 2D seepage on
sediment incipient motion could further affect the evaluation of the process of scour and
erosion of sediment by gravity currents under non negligible slopes, which are extremely
significant in the design of marine structure. In practical offshore engineering, the scour
protections are an extremely important part to ensure the stability of the superstructure [41].
Hence, more accurate predictions of sediment initiation motion and scour can make the
scour protections design more effective. It is obvious that the seepage promotes the onset
of sediment when 1/(1− ex′z′) > 1, which means that the protective layer of scour design
should be large enough. In addition, seepage restrains the onset of sediment, and the
protective layer of scour design can be smaller when 0 < 1/(1− ex′z′) < 1.

Recently, two studies considered the seepage in the sediment motion or local scour.
First, Guo et al. [24] re-derived the Shields number with the vertical seepage. Second,
Li et al. [16] further considered the vertical seepage in their CFD scour model for a sloping
seabed. However, their studies ignored the multidimensional of seepage. For that, the in-
fluence of horizontal is added in the paper. It is noted that the definition of Fsz used in
Li et al. [16] was only considered the magnitude of the upward seepage. Since they used
a 1D approach, they only focused on the case under wave troughs, where the seepage
(Fsz) is always upward. In this study, the whole cycle is considered, and the results are
displayed below.

4. Impact of 2D Seepage on Sediment Incipient Motion

In offshore environments, pipelines are particularly important for the transportation
of oil and gas. Numerous studies for the wave–seabed–pipeline interaction have been
reported in the literature in the past [42,43]. This includes the numerical [26,44–46] and
experimental investigations [31,47,48] for the wave/current-induced seabed liquefaction
around a pipeline. Here, the proposed numerical model of wave–seabed interaction around
a pipeline (see Section 2) is employed to examine the impact of 2D seepage on the sediment
incipient motion.
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The scaling factors (ez and exz for a flat seabed; ez′ and exz′ for a sloping seabed) reflect
the effects of 2D seepage on the sediment motion. The impact of seepage on the sediment
incipient motion around a pipeline will be analyzed first by the present numerical model.
Then, a parametric analysis will be adopted to explore the influence of horizontal seepage.
The input data of the numerical examples are listed in Table 5. The applicable ranges of
various wave theories are marked in Figure 10.

Table 5. Input data for numerical examples.

Wave Characteristics

Wave height (H) 2 and various (m)
Wave period (T) 4 (s)
Water depth (d) 10 and 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

Permeability in the x direction (kx) 2.382 × 10−6 (m/s)
Permeability in the z direction (kz) 2.382 × 10−6 and various (m/s)
Poisson’s ratio (µs) 0.3
Porosity (ns) 0.448
Degree of saturation (Sr) 98 and various (%)
Shear modules (G) 8.58 × 106 and various (N/m2)
Density of soil (ρs) 2679 (kg/m3)
Particles size (d50) 2.15 × 10−4 (m)
Friction coefficient of soil ( f ) 0.58
Seabed thickness (hs) 20 (m)

Pipeline Characteristics

Distance between the pipeline and seabed surface (h) 0.2 and various (m)
pipeline diameter (D) 2 and various (m)
flow gap ratio (e = h/D) 0.1 and various
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Figure 10. Application ranges of various wave theories [49] (* Figures 8, 12–15 and 19; ◦ Figure 16a;
� Figure 16b);4 Figures 22–24).

4.1. Effect of Seepage on Shields Number

In a flat seabed, the scaling factors (ex, ez and exz) play extremely important roles
in evaluating and researching the influence of seepage on the sediment incipient motion.
Variations of the wave-induced scaling factors without a structure are plotted in Figure 11.
It is clear from the figure that the positive ez would occur around the wave trough and
promote the onset of sediment motion. On the contrary, negative ez would occur around
the wave crest and restrain the onset of sediment motion. However, ex would have a
discontinuity that occurs at the position where pore-pressure is zero, in which the flow
velocity is also equal to zero. The special condition corresponds to the theoretical results
when u0 = 0 in (22), and the value of the position is marked by ∗ in the figure. Furthermore,
the discontinuity is extended in exz.
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Figure 11. Variation of scaling factors under the action of wave in a wave length without pipeline.
Notation: H = 2 m, d = 10 m, T = 4 s, kx = kz = 2.382× 10−6 m/s, G = 8.58× 106 N/m2 and
Sr = 0.98.

The pipeline would impact the hydraulic environment and further impact the soil
response and seepage below the pipeline. To explore the influence of pipeline on seepage,
three different scaling factors (ex, ez and exz) for the cases with and without pipeline in
different times are illustrated in Figure 12. The pipeline is located in the position where
x/L = 0. As seen from the figure, the value of ex changes obviously under the pipeline.
The discontinuity occurs in ex, and further occurs in exz, which are caused by the special
case with zero flow velocity, and the values of the special positions are represented by a
special symbol (∗). When the discontinuity appears below the pipeline, the discontinuous
position is different compared with the case without a pipeline referring to Figure 12b,d,
which is caused by the different flow velocity with and without the resistance of the pipeline.
On the contrary, when the discontinuity appears far from the pipeline, the discontinuous
positions are consistent with the cases without a pipeline due to the fact that the influence
of pipeline on flow velocity is negligible in the position.
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Figure 12. Comparison of scaling factors (ex, ez and exz) in the model with and without a pipeline in different times.
Notation: H = 2 m, d = 10 m, T = 4 s, kx = kz = 2.382× 10−6 m/s, G = 8.58× 106 N/m2 and Sr = 0.98.

The trend of scaling factor ez is opposite before and behind the pipeline compared
with the case without a pipeline and the extent of the change is smaller than ex. Hence,
the variety of exz below the pipeline mainly depends on the ex. Therefore, the horizontal
seepage is essential and could not be ignored, especially around the pipeline. The previous
studies with vertical seepage [16,24] need to be re-visited.

Considering that the scaling factors (ex, ez and exz) vary at different times, as illustrated in
Figure 12, the corresponding envelop curves for scaling factors in a wave cycle are represented
in Figure 13. It is obvious that the scaling factors ex, ez, and exz change in the range from the
minimum to the maximum. The scaling factors ex and exz have an obvious increase below the
pipeline, but the change of ez is smaller, which is consistent with Figure 12.
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Figure 13. The various of scaling factors (ex, ez, and exz) along the seabed surface. The input data are
the same as Figure 12.

Figure 14a selects the envelop curves of maximal ex, ez, and exz around the pipeline
to compare with the case without a pipeline. Note that D = 0 in the figure represents the
case without a pipeline. It is known from the figure that the scaling factors far from the
pipeline are consistent with no pipeline case. However, the values of ez and exz slightly
increase before the pipeline because of the back-water. The ex has a slight increase behind
the pipeline because of the lee-wake vortex. Meanwhile, ex has an obvious increase below
the pipeline, which is caused by the resistant force of the pipeline on flow water. The results
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of θxz/θ with and without pipeline are plotted in Figure 14b. As seen from the figure,
the trends of θxz/θ are similar to the scaling factors. Furthermore, the maximum of θxz/θ
can reach 3.2, which is large enough to impact the sediment incipient motion, and further
processing of scour around the pipeline.
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(a) Envelop curves of scaling factors around pipeline
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(b) Ratio of modified and conventional Shields number around pipeline

Figure 14. The comparison of maximal scaling factors and θxz/θ, the model with and without a
pipeline along the seabed surface. The input data are the same as Figure 12.

4.2. Effects of Pipeline Characteristics

The diameter of pipeline is one of the key parameters to affect the onset of sediment
motion around a pipeline, which impacts the degree of hindrance on the flow water.
Therefore, four different pipeline diameters (D = 1, 2, 3, 4 m) were adopted in the numerical
simulation. The θxz/θ obtained from the corresponding envelop curves of exz are plotted
in Figure 15a. In the cases, the flow gap ratio (h/D) is prescribed as 0.1. Hence, the gap
from the bottom of pipeline to the seabed surface h increases with the pipeline diameter,
which causes the value of θxz/θ below the pipeline to decrease. However, θxz/θ reaches
a peak before the pipeline and a decrease behind the pipeline, which increases with the
pipeline diameter.
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Figure 15. Effect of pipeline characteristics on θxz/θ0 around pipeline. Notation: d = 10 m, H = 2 m,
T = 4 s, G = 8.58× 106 N/m2, kx = kz = 2.382× 10−6 m/s, Sr = 0.98.

Different dispositions of a pipeline on the seabed would affect the flow characteristics
around the pipeline and further influence the modified Shields number. Therefore, a pa-
rameter of flow gap ratio (e = h/D), representing the ratio of the distance between the
lowest point of pipeline and the seabed surface with the pipeline diameter, is introduced to
examine the influence of pipeline disposition on the modified Shields number. Different
flow gap ratios of e(=0, 0.1, 0.2, 0.3, 0.4 and −0.5) are adopted to examine the effect of
flow gap ratio on sediment incipient motion. Note that e = 0 and e = −0.5 indicate that
the pipeline are installed at the seabed surface and half buried in the seabed, respectively.
The values of θxz/θ obtained from the corresponding envelop curves of exz are plotted
in Figure 15b. It is observed that θxz/θ increases with the reduced flow gap ratio. That
is, the effect of seepage on sediment incipient motion below the pipeline would increase
with the reduced flow gap ratio. This is due to the enhancement of disturbed fluid below
the pipeline when the pipeline is near the seabed surface. However, the position where
θxz/θ starts increasing before the pipeline is not affected by the flow gap ratio (as seen
from Figure 15a) and pipeline diameter (as seen from Figure 15b). For the case of a partial
buried pipeline, i.e., e = −0.5, a small peak occurs behind the pipeline that is caused by
the lee-wake vortex.

4.3. Effects of Wave Characteristics

It has been reported that wave parameters will affect the seepage. In this section, two
wave parameters, dimensionless wave height (H/gT2), and water depth (d/gT2) would
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be considered in the parametric study. As shown in Figure 16a, the ratio of modified
Shields number and conventional Shields number (θxz/θ) obtained from the corresponding
envelop curves of exz increase with the H/gT2. However, θxz/θ increases below the
pipeline, and the amplification is larger with the increasing H/gT2. When the H/gT2

is small enough, for example, the case of H/gT2 = 0.00319, the existence of pipeline
hardly affects sediment incipient motion below the pipeline. In addition, the increase of
θxz/θ before the pipeline is larger with the increasing H/gT2, which is due to the larger
turbulence before the pipeline.
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(a) Effect of wave height (H) on θxz/θ around pipeline

-3.5 -3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5 3

x/D

1

2

3

4

5

6

7

8

9

xz
/

d/gT2=0.05097

d/gT2=0.06371

d/gT2=0.07645

d/gT2=0.08919

d/gT2=0.10194

(b) Effect of water depth (d) on θxz/θ around pipeline

Figure 16. Effect of wave characteristics on θxz/θ around pipeline. Notation: T = 4 s, D = 2 m, e = 0.1,
G = 8.58× 106 N/m2, kx = kz = 2.382× 10−6 m/s, Sr = 0.98.

Water depth is another key wave parameter to affect the pressure at the bottom of flow
field. To investigate the relationship between water depth and the modified Shields number,
different dimensionless water depths (d/gT2 = 0.05079, 0.06371, 0.07645, 0.08919, 0.10194)
are adopted, which are in the range of regular waves as shown in Figure 10. The results
are plotted in Figure 16b. It is found that θxz/θ obtained from the corresponding envelop
curves of exz decreases with the increasing of d/gT2. However, θxz/θ is closer to 1 with
the larger dimensionless water depth (d/gT2). That is, the effect of seepage on sediment
incipient motion is quite small in deep water. The influence of pipeline on θxz/θ increases
with the reduced d/gT2, which is characterized as the increasing amplification below
the pipeline.
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4.4. Effects of Uniform Current (u)

As discussed previously, the authors’ previous work [34] could be the first attempt to
consider 2D seepage in the definition of Shield number. However, neither currents nor the
pipeline were considered in their work. In this section, we further investigate the effects
of current on the new Shield number. The change of current velocity will tremendously
affect the dynamic pressure at the seabed surface and the soil response within the seabed,
which would further affect the seepage field. The distribution of flow velocity near the
pipeline is different for different combinations of wave and current. Figure 17 illustrates the
distribution of velocity around the pipeline with different current velocities (u = −0.4 m/s,
0 m/s and 0.4 m/s). Note that the negative sign denotes that current and wave have
opposite directions. As seen from Figure 17b, the flow velocity would decrease firstly and
then increase above the pipeline by the action of wave only. However, a similar trend
occurs at the upper left of the pipeline when wave and current have an opposite direction,
and at the upper right of the pipeline when wave and current have the same direction,
as seen from Figure 17a,c. Meanwhile, flow velocity forms a ring before and behind the
pipeline when the direction of wave and current are opposite and identical, which are
caused by the lee-wake vortex and lead to the change of seepage before and behind the
pipeline. However, the lee-wake vortex occurring in the case when wave and current
have opposite directions is smaller than the condition when wave and current have the
same direction.

Herein, different current velocities u = −0.6,−0.4,−0.2, 0.0, 0.2 and 0.4 m/s are
adopted to find the influence of wave and current co-induced seepage on sediment incipient
motion. The compared results are plotted in Figure 18a. It is clear that θxz/θ obtained
from the corresponding envelop curves of exz increase with the current velocity, integrally.
However, a different trend is observed below the pipeline. A peak is formed, and the
amplitude of θxz/θ reduces with the increased current velocity below the pipeline when
the direction of wave and current are opposite. By contrast, a valley is formed below the
pipeline and the θxz/θ increases with the current velocity, when wave and current have the
same direction.

To further clarify the reasons for the formation of the peak and valley, the comparison
of scaling factors (ez and exz) in different combinations of wave and current is illustrated in
Figure 18b. It is known that the peak and valley mentioned above are due to the change
of vertical seepage below the pipeline and the shake of exz and θxz/θ are caused by the
horizontal seepage.
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Figure 17. Velocity vector diagram at the wave crest in different flow velocity. Notation: d = 10 m,
H = 2 m, T = 4 s, D = 2 m, e = 0.1, G = 8.58× 106 N/m2, kx = kz = 2.382× 10−6 m/s, Sr = 0.98.
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Figure 18. Effect of current velocity (u) on θxz/θ, ez, and exz. The input data are the same as Figure 17.

4.5. Effects of Seabed Characteristics

Shear modulus (G) is one of the key seabed properties affecting the seepage in the
seabed [50]. In this section, the shear modulus is varied from G = 5 × 105 N/m2 to
G = 5× 107 N/m2, which practically include all kinds of sand and silt. The numerical
results are represented in Figure 19a, which shows the influence of shear modulus on
θxz/θ. It is obvious that the increase of shear modulus leads to an increased θxz/θ, which
means that the sediment incipient motion would occur more easily with the larger shear
modulus. However, the increase of θxz/θ is not obvious when the shear model is larger
than 5× 106 N/m2. The θxz/θ increases from approximately 2.2 (at x = −2.5D) to 3.2 at
the peak near x = 0, which represents the dramatic effect of seepage on sediment incipient
motion, especially near the pipeline (x/D = −0.5 to 0.5).
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Figure 19. Effect of seabed characteristics on θxz/θ around pipeline. Notation: d = 10 m, H = 2 m,
T = 4 s, D = 2 m, e = 0.1, kx = 2.382× 10−6 m/s.

To clarify the influence of soil permeability in the z-direction (kz), different permeabil-
ity, kz = 10−2, 10−3, 10−4, 10−5, 10−6, and 10−7 m/s are selected in numerical simulation.
The influence of kz on θxz/θ is illustrated in Figure 19b. As shown in the figure, the de-
crease of kz leads to the increase of θxz/θ, and the peak value below the pipeline increases
significantly. At the peak, close to x/D = 0, the maximum of θxz/θ increases from about
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1.15 to 3.7, which means that the conventional Shields number increases from 15% to 270%
by considering two-dimensional seepage. This has demonstrated the significant effect of
seepage on the Shields number.

Different degrees of saturation (Sr = 0.9, 0.92, 0.94, 0.96, 0.98 and 1) are adopted to
explore the influence of saturation on θxz/θ, as illustrated in Figure 19c. Similar to the
effect of kz, the θxz/θ increases with the decreased degree of saturation. The increase before
and behind the pipeline becomes more obvious with the decreased saturation, which are
caused by the back-water and lee-wake vortex, respectively. Meanwhile, the point where
θxz/θ begins to increase before the pipeline gets closer to the pipeline with the increasing
of saturation. At the peak near x/D = 0, the maximum of θxz/θ increases from about 1.7 to
4.2, which indicates that the seepage tremendously impacts the sediment incipient motion
in an unsaturated seabed.

4.6. Effects of Slope Angle (β)

In the offshore environment, the seabed surface may not always be flat. Therefore,
the influence of slope angle (β) on sediment incipient motion needs to be investigated.
The modified Shield number, θx′z′ , has been defined in (28). In this section, different
slope angles (β = 0, π

72 , π
36 , π

24 and π
18 ) are used to investigate the influence of slope angle.

The results of θx′z′/θ are displayed in Figure 20. It is found that θx′z′/θ would increase
with the slope angle of seabed. However, a slope of θx′z′/θ would occur before the pipeline
and increase with the slope angle of seabed. In addition, the slope angle of θx′z′/θ is closer
to the slope angle of seabed. In addition, a valley would occur before the pile and the
amplitude of the valley would increase with the slope angle.
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= /18

Figure 20. Effect of slope angle on θx′z′/θ around the pipeline. Notation: d = 10 m, H = 1 m, T = 4 s,
D = 2 m, e = 0.1, G = 8.58× 106 N/m2, kx = kz = 2.382× 10−6 m/s, Sr = 0.98.

5. Engineering Application: A Buried Pipeline in a Trenched Pipeline

Nowadays, the trenched layer has been commonly used in marine oil and gas projects
in order to prevent the damage of the pipeline. In the study, the case of a partially buried
pipeline in a trenched layer is further considered to simulate the practical engineering ap-
plication. Although this problem has been studied recently [26,46,51], they mainly focused
on the wave (current)-induced soil response and liquefaction near the pipeline but ignores
the effect of seepage on the sediment motion. Hence, determining the influence of seep-
age on sediment motion around the half buried trenched pipeline has great engineering
significance.

Herein, the influence of seepage on sediment motion around the trenched pipeline will
be examined by the proposed model. The sketch of the numerical model with a trenched
pipeline is displayed in Figure 21, and detailed input data for the trench are listed in Table 6.
The other soil parameters are the same as the cases with the spanning pipeline above.
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Figure 21. The sketch of wave–pipe interactions in a trenched layer.

Table 6. Parameters used in the numerical model with a trenched pipeline.

Parameters Value Unit Parameters Value Unit

Hw 0.7 (m) Wt 3 (m)
Bt 3 (m) φt π/4 -
Wave height (H) 1 (m) period (T) 4 (s)
Water depth (d) 8 (m) diameter of pipeline (D) 1 (m)
Shear modules (G) 8.58 × 106 (N/m2) Degree of Saturation (Sr) 98 (%)
Permeability (ks) 2.382 × 10−6 (m/s)

The distributions of corresponding enveloped scaling factors (ex, ez and exz) around
the trenched pipeline are plotted in Figure 22. It is found that the ez decrease is approaching
the pipeline. However, ex has a tremendous increase around the pipeline, which is due to
the complex fluid environment and pore pressure. In addition, ex and exz are larger before
the pipeline than the position behind the pipeline. Meanwhile, exz also increases around
the pipeline, which is mainly dependent on the horizontal seepage flow.

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

x/D

0

0.1

0.2

0.3

0.4

0.5

e m
ax

pipeline
e

x max

e
z max

e
xz max

Figure 22. The variety of enveloped scaling factors (ex, ez, exz) on the seabed surface.

To explore the different effects of seepage on sediment incipient motion between a
trenched layer and a flat layer, Figure 23 compares θz/θ and θxz/θ around a trenched
pipeline and a semi buried pipeline in a flat layer. It is observed from the figure that both
θxz/θ and θz/θ in the trenched pipeline are larger than the pipeline in a flat layer, which are
due to the faster flow velocity and larger pressure in the trench. However, the horizontal
seepage has a greater contribution to the trenched pipeline than the pipeline in a flat layer
by comparing the division of θxz/θ and θz/θ.
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Figure 23. The comparison of θmod/θ for the trenched pipeline and spanning pipeline (e = −0.5).

The embedding methods of the trenched pipeline are multifarious. The full, half, and not
buried trenched pipeline are widely used in the engineering environment, which corresponds
to the case of e = −1, e = −0.5, and e = 0 in Figure 24. Note that the different ranges of the
x-axis for the three cases are due to the different buried depths and the different lengths of the
trench bottom. The full buried trenched pipeline hardly changes around the pipeline, which
is due to the unaffected flow environment caused by the pipeline. However, the influence of
seepage on the other cases becomes more significant around the pipeline.
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Figure 24. The comparison of θxz/θ at different buried depths.

6. Conclusions

In this paper, we derived a new Shields number with 2D seepage and discussed its
effects on sediment incipient motion around the pipeline. The key findings of numerical
examples are summarized here.

(1) The seepage presents periodic change along the seabed surface and tremendously
changes around the pipeline. Meanwhile, the horizontal seepage has a significant
contribution below the pipeline and should not always be ignored.

(2) A discontinuity of the horizontal seepage is observed at the position where the
flow velocity is equal to zero, and the absolute value is selected in the position.
The discontinuity also extended in the scaling factors ex and exz.

(3) A peak of the modified Shields number is formed below the pipeline in most cases.
However, a valley formed below the pipeline only when the wave and current have
the same direction, which is due to the changed fluid pattern around the pipeline.



J. Mar. Sci. Eng. 2021, 9, 580 29 of 31

(4) The effects of seepage become significant with large wave, shallow water, and large
current in a seabed with lower saturation but larger shear modulus and permeability.
However, the pipeline parameters only impact the seepage force near the pipeline.

(5) The impact of seepage on sediment incipient motion increases clearly around the
trenched pipeline, and the modified effect of Shields number is obviously better than
the spanning pipeline.

In this paper, we attempt to connect the soil response with the Shield number and the
onset of sediment motion. The future study will be further linked with a local scour model
to simulate the scour process around the offshore structure. Furthermore, the gravity cur-
rents have a significant impact on the entrainment, transport, and deposition of sediments
in a sloping seabed, as reported in Zordan et al. [52]. The proposed model requires further
modification to include the effects of gravity currents to examine its effects with seepage
and associated local scour, sinking, and floatation of a pipeline in the future.

Author Contributions: H.Z.: Methodology, Validation, Visualization, Investigation, and Writing—
Original draft preparation; D.-S.J.: Conceptualization, Methodology, Writing—Review and Edition,
and Supervision; Z.G.: Methodology, Visualization, Investigation, Writing—Review and Edition, and
Supervision. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Seth, D.; Manna, B.; Kumar, P.; Shahu, J. Uplift and lateral buckling failure mechanisms of offshore pipes buried in normally

consolidated clay. Eng. Fail. Anal. 2021, 121, 105161. [CrossRef]
2. Zhang, Z.; Shi, B.; Guo, Y.; Chen, D. Improving the prediction of scour around the prediction of scour around submarine pipelines.

Proc. Inst. Civ. Eng. Marit. Eng. 2016, 169, 163–173.
3. Sui, T.; Staunstrup, L.H.; Carstensen, S.; Fuhrman, D.R. Span shoulder migration in three-dimensional current-induced scour

beneath submerged pipelines. Coast. Eng. 2021, 164, 103776. [CrossRef]
4. Sumer, B.M.; Fredsøe, J. The Mechanics of Scour in the Marine Environment; World Scientific Publishing: Singapore, 2002.
5. Chien, N.; Wan, Z. Mechanics of Sediment Transport; ASCE Press: Reston, VA, USA, 1998.
6. Shields, A. Application of Similitude Mechanics and Research on Turbulence to Bed Load Movement; Technical Report 26; Mitteilungender

Preussischer Versuchsanstalt fur Wasserbau und Schiffbau, 1937. Available online: https://authors.library.caltech.edu/25992/
(accessed on 29 April 2021).

7. Madsen, O.S.; Grant, W.D. Quantitative description of sediment transport by waves. In Proceeding of 15th International
Conference on Coastal Engineering, Honolulu, HI, USA, 11–17 July 1976; pp. 1093–1112.

8. Jonsson, I.G. Wave boundary layers and friction factors. In Proceedings of the 10th International Conference on Coastal
Engineering, Tokyo, Japan, 4–6 September 1966; Volume 1, pp. 127–148.

9. Whitehouse, R.J.S. Experimental assessment of two theories for the effect of bedslop on the threshold of bedload transport. Mar.
Geol. 1988, 79, 135–139. [CrossRef]

10. Chiew, Y.M.; Parker, G. Incipient sediment motion on non-horizontal slopes. J. Hydraul. Res. 1994, 32, 649–660. [CrossRef]
11. Juez, C.; Soares-Frazao, S.; Murillo, J.; García-Navarro, P. Experimental and numerical simulation of bed load transport over

steep slopes. J. Hydraul. Res. 2017, 55, 455–469. [CrossRef]
12. Juez, C.; Garcica-Navarro, P. 2D simulation of granular flow over irregular steep slopes using global and local coordinates. J.

Comput. Phys. 2013, 255, 166–204. [CrossRef]
13. Juez, C.; Murillo, J.; Garcia-Navarro, P. Numerical assessment of bed-load discharge formulations for transient flow in 1D and 2D

situations. J. Hydroinform. 2013, 15, 1234–1257. [CrossRef]
14. Juez, C.; Murillo, J.; Garcia-Navarro, P. A 2D weakly- coupled and efficient numerical model for transient shallow flow and

movable bed. Adv. Water Resour. 2014, 71, 93–109. [CrossRef]
15. Lu, Y.; Chiew, Y.M.; Cheng, N.S. Review of seepage effects on turbulent open-channel flow and sediment entrainment. J. Hydraul.

Res. 2008, 46, 476–488. [CrossRef]

http://doi.org/10.1016/j.engfailanal.2020.105161
http://dx.doi.org/10.1016/j.coastaleng.2020.103776
https://authors.library.caltech.edu/25992/
http://dx.doi.org/10.1016/0025-3227(88)90162-4
http://dx.doi.org/10.1080/00221689409498706
http://dx.doi.org/10.1080/00221686.2017.1288417
http://dx.doi.org/10.1016/j.jcp.2013.08.002
http://dx.doi.org/10.2166/hydro.2013.153
http://dx.doi.org/10.1016/j.advwatres.2014.05.014
http://dx.doi.org/10.3826/jhr.2008.2942


J. Mar. Sci. Eng. 2021, 9, 580 30 of 31

16. Li, Y.; Ong, M.C.; Fuhrman, D.R. CFD investigations of scour beneath a submarine pipeline with the effect of upward seepage.
Coast. Eng. 2020, 156, 103624. [CrossRef]

17. Cheng, N.S. Seepage Effect on Open-Channel Flow and Incipient Sediment Motion. Ph.D. Thesis, Nanyang Technical University,
Guangzhou, China, 1997.

18. Sumer, B.M.; Sen, M.B.; Karagali, I.; Ceren, B.; Fredsøe, J.; Sottile, M.; Zilioli, L.; Fuhrman, D.R. Flow and sediment transport
induced by a plunging solitary wave. J. Geophys. Res. 2011, 116, 008. [CrossRef]

19. Sumer, B.M.; Sen, M.B.; L, K.; Ceren, B.; Fredsøe, J. Laboratory investigations of flow and sediment transport induced by plunging
regular waves. J. Geophys. Res. (Ocean) 2013, 118, 6161–6182. [CrossRef]

20. Qi, W.G.; Gao, F.P. Physical modeling of local scour development around a large-diameter monopile in combined waves and
current. Coast. Eng. 2014, 83, 72–81. [CrossRef]

21. Niven, R.K. Incipient Sediment Motion with Upward Seepage. J. Hydraul. Res. 2000, 37, 475–479. [CrossRef]
22. Yang, S.Q. Formula for sediment transport subject to vertical flows. J. Hydraul. Eng. ASCE 2019, 145, 04019013. [CrossRef]
23. Cheng, N.S.; Chiew, Y.M. Incipient sediment motion with upward seepage. J. Hydraul. Res. 2000, 37, 665–681. [CrossRef]
24. Guo, Z.; Jeng, D.S.; Zhao, H.; Guo, W.; Wang, L. Effect of seepage flow on sediment incipient motion around a free spanning

pipeline. Coast. Eng. 2019, 143, 50–62. [CrossRef]
25. Fazeres-Ferradosa, T.; Taveira-Pinto, F.; Rosa-Santos, P.; Vanem, E.; Carvalho, H.; Correia, J. Editorial: Advanced research on

offshore structures and foundation design: Part 1. Marit. Eng. Proc. Inst. Civ. Eng. 2019, 172, 118–1235. [CrossRef]
26. Liang, Z.; Jeng, D.S.; Liu, J. Combined wave–current induced seabed liquefaction around buried pipelines: Design of a trench

layer. Ocean Eng. 2020, 212, 107764. [CrossRef]
27. Liang, Z.; Jeng, D.S. IPORO-FSSI-FOAM model for seafloor liquefaction around a pipeline under combined random wave and

current loading. Appl. Ocean Res. 2021, 107, 102497. [CrossRef]
28. Turcotte, B.R.; Liu, P.L.F.; Kulhawy, F.H. Laboratory Evaluation of Wave Tank Parameters for Wave-Sediment Interaction; Technical

Report; Joseph F., Ed.; Defree Hydraulic Laboratory, School of Civil and Environmental Engineering, Cornell University: Ithaca,
NY, USA, 1984.

29. Cheng, A.H.D.; Liu, P.L.F. Seepage force on a pipeline buried in a poroelastic seabed under wave loading. Appl. Ocean Res. 1986,
8, 22–32. [CrossRef]

30. Lin, Y.S.; Jeng, D.S. Effects of variable shear modulus on wave-induced seabed response. J. Chin. Inst. Eng. 2000, 23, 109–115.
[CrossRef]

31. Sun, K.; Zhang, J.; Gao, Y.; Jeng, D.S.; Guo, Y.; Liang, Z. Laboratory experimental study of ocean waves propagating over a
partially buried pipeline in a trench layer. Ocean Eng. 2019, 173, 617–627. [CrossRef]

32. Higuera, P.; Lara, J.L.; Losada, I.J. Realistic wave generation and active wave absorption for Navier–Stokes models: Application
to OpenFOAM. Coast. Eng. 2013, 71, 102–118. [CrossRef]

33. Sui, T.; Zhang, C.; Jeng, D.s.; Guo, Y.; Zheng, J.; Zhang, W.; Shi, J. Wave-induced seabed residual response and liquefaction
around a mono-pile foundation with various embedded depth. Ocean Eng. 2019, 173, 157–173. [CrossRef]

34. Zhai, H.; Jeng, D.S.; Guo, Z.; Liang, Z. Impact of two-dimensional seepage flow on sediment incipient motion under waves. Appl.
Ocean Res. 2021, 108, 102510. [CrossRef]

35. Higuera, P. Enhancing active wave absorption in RANS models. Appl. Ocean Res. 2020, 94, 102000. [CrossRef]
36. Biot, M.A. General theory of three-dimensional consolidation. J. Appl. Phys. 1941, 26, 155–164. [CrossRef]
37. Jeng, D.S.; Lin, Y. Nonlinear wave-induced response of porous seabed: A finite element analysis. Int. J. Numer. Anal. Methods

Geomech. 1997, 21, 15–42. [CrossRef]
38. Mattioli, M.; Alsina, J.M.; Mancinelli, A.; Miozzi, M.; Brocchini, M. Experimental investigation of the nearbed dynamics around a

submarine pipeline laying on different types of seabed: The interaction between turbulent structures and particles. Adv. Water
Resour. 2012, 48, 31–46. [CrossRef]

39. Bear, J. Dynamics of Fluids in Porous Mmedia; Elsevier Scientific Publishing Company: New York, NY, USA, 1972.
40. Cheng, N.S.; Chiew, Y.M. Analysis of Initiation of Sediment Suspension from Bed Load. J. Hydraul. Res. 1999, 125, 855–861.

[CrossRef]
41. Fazeres-Ferradosa, T.; Taveira-Pinto, F.; Romão, X.; Vanem, E.; Reis, M.T.; das Neves, L. Probabilistic design and reliability

analysis of scour protections for offshore windfarms. Eng. Fail. Anal. 2018, 91, 291–305. [CrossRef]
42. Sumer, B.M. Liquefaction around Marine Structures; World Scientific: Hackensack, NJ, USA, 2014.
43. Jeng, D.S. Mechanics of Wave–Seabed-Structure Interactions: Modeling, Processes and Applications; Cambridge University Press:

Cambridge, MA, USA, 2018. [CrossRef]
44. Jeng, D.S. Numerical modeling for wave–seabed–pipe interaction in a non-homogeneous porous seabed. Soil Dyn. Earthq. Eng.

2001, 21, 699–712. [CrossRef]
45. Luan, M.; Qu, P.; Jeng, D.S.; Guo, Y.; Yang, Q. Dynamic response of a porous seabed–pipeline interaction under wave loading:

Soil–pipeline contact effects and inertial effects. Comput. Geotech. 2008, 35, 173–186. [CrossRef]
46. Zhao, H.Y.; Jeng, D.S.; Guo, Z.; Zhang, J.S. Two-dimensional model for pore pressure accumulations in the vicinity of a buried

pipeline. J. Offshore Mech. Arct. Eng. ASME 2014, 136, 042001. [CrossRef]
47. Yang, B.; Gao, F.; Jeng, D.S.; Wu, Y. Experimental study of vortex-induced vibrations of a cylinder near a rigid plane boundary in

steady flow. Acta Mech. Sin. 2009, 25, 51–63. [CrossRef]

http://dx.doi.org/10.1016/j.coastaleng.2019.103624
http://dx.doi.org/10.1029/2010JC006435
http://dx.doi.org/10.1002/2013JC009324
http://dx.doi.org/10.1016/j.coastaleng.2013.10.007
http://dx.doi.org/10.1080/00221680009498301
http://dx.doi.org/10.1061/(ASCE)HY.1943-7900.0001592
http://dx.doi.org/10.1080/00221689909498522
http://dx.doi.org/10.1016/j.coastaleng.2018.10.012
http://dx.doi.org/10.1680/jmaen.2019.172.4.118
http://dx.doi.org/10.1016/j.oceaneng.2020.107764
http://dx.doi.org/10.1016/j.apor.2020.102497
http://dx.doi.org/10.1016/S0141-1187(86)80027-X
http://dx.doi.org/10.1080/02533839.2000.9670528
http://dx.doi.org/10.1016/j.oceaneng.2019.01.022
http://dx.doi.org/10.1016/j.coastaleng.2012.07.002
http://dx.doi.org/10.1016/j.oceaneng.2018.12.055
http://dx.doi.org/10.1016/j.apor.2020.102510
http://dx.doi.org/10.1016/j.apor.2019.102000
http://dx.doi.org/10.1063/1.1712886
http://dx.doi.org/10.1002/(SICI)1096-9853(199701)21:1<15::AID-NAG856>3.0.CO;2-4
http://dx.doi.org/10.1016/j.advwatres.2012.04.010
http://dx.doi.org/10.1061/(ASCE)0733-9429(1999)125:8(855)
http://dx.doi.org/10.1016/j.engfailanal.2018.04.035
http://dx.doi.org/10.1017/9781316672266
http://dx.doi.org/10.1016/S0267-7261(01)00043-4
http://dx.doi.org/10.1016/j.compgeo.2007.05.004
http://dx.doi.org/10.1115/1.4027955
http://dx.doi.org/10.1007/s10409-008-0221-7


J. Mar. Sci. Eng. 2021, 9, 580 31 of 31

48. Zhai, Y.; He, R.; Zhao, J.; Zhang, J.; Jeng, D.S.; Li, L. Physical model of wave-induced seabed response around trenched pipeline
in sandy seabed. Appl. Ocean Res. 2018, 75, 37–52. [CrossRef]

49. Méhauté, B.L. Introduction to Hydrodynamics and Water Waves; Springer: New York, NY, USA, 1976.
50. Jeng, D.S. Porous Models for Wave–Seabed Interaction; Springer: Berlin/Heidelberg, Germany, 2012. [CrossRef]
51. Zhao, H.Y.; Jeng, D.S. Accumulated pore pressures around submarine pipeline buried in trench layer with partial backfills. J. Eng.

Mech. ASCE 2016, 142, 04016042. [CrossRef]
52. Zordan, J.; Juez, C.; Schleiss, A.J.; JFranca, M. Entrainment, transport and deposition of sediment by saline gravity currents. Adv.

Water Resour. 2018, 115, 17–32. [CrossRef]

http://dx.doi.org/10.1016/j.apor.2018.02.021
http://dx.doi.org/10.1007/978-3-642-33593-8
http://dx.doi.org/10.1061/(ASCE)EM.1943-7889.0001093
http://dx.doi.org/10.1016/j.advwatres.2018.02.017

	Introduction
	Theoretical Model
	CFD Model (PORO-FSSI-FOAM)
	Grid Independence Tests
	Model Validations
	Validation of the Flow Model
	Validations of the Seabed Model


	New Shields Number with Seepage Flow
	Impact of 2D Seepage on Sediment Incipient Motion
	Effect of Seepage on Shields Number
	Effects of Pipeline Characteristics
	Effects of Wave Characteristics
	Effects of Uniform Current (u)
	Effects of Seabed Characteristics
	Effects of Slope Angle ()

	Engineering Application: A Buried Pipeline in a Trenched Pipeline
	Conclusions
	References

