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Abstract: In this study, the hydrodynamic forces acting on the seabed around the pipeline in unidirectional ocean currents
have been investigated numerically. Two types of seabed are considered, i.e., plane and distorted seabed. The influences
of gap between pipeline and seabed on the distribution of forces along the seabed are studied in detail. Computational re-
sults show that the pressure at the upstream side of the pipeline gradually decreases and the pressure difference between
two sides of the pipeline presents a declining trend with the increase of gap between pipeline and seabed. For the pressure
distributions between the distorted seabed and the plane seabed, a double-peaks distribution is observed for the case of
distorted seabed, but only one peak exists for the plane seabed. With the increase of gap between pipeline and seabed, the
value of peak shear stress along the distorted seabed at the upstream side gradually decreases and the one at the down-
stream side varies slightly. When the gap ratio reaches 0.7, the peak shear stress at the upstream side of the pipeline al-
ready decreases to a normal level for the case of distorted seabed, while the peak shear stress at downstream side is still a

large one for the distorted seabed.
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INTRODUCTION

In ocean engineering, numerous types of structures have
been installed on the seabed, such as offshore platform for
exploitation of oil and gas, tension leg, piles and submarine
pipelines, etc. Among these, the submarine pipeline is an
important structure used widely in offshore oil and gas in-
dustry, ship industry, marine fisheries and so on. The subma-
rine pipelines are usually placed in the ocean with several
situations, and a horizontal installment is one of the most
ordinary ways. After the pipeline is placed on the seabed, it
is subject to ocean waves, periodic tides and unidirectional
ocean currents. However, in the area of deep sea, the influ-
ences of ocean waves and tidal currents upon the pipeline
can be ignored, and unidirectional ocean currents are the
main hydrodynamic loading acting on pipelines and seabed.
Under the action of unidirectional ocean currents and the
disturbance due to the existence of the pipeline, the hydro-
dynamic forces acting on the seabed may be different from
those without pipelines. In some circumstances, the forces
acting on the sandy seabed may result in the occurrence of
sand waves or instability of seabed (e.g. liquefaction) which
can cause the buried pipeline to be exposed [1], and the pres-
sure acting on the sandy seabed may induce seepage flow
within the sandy seabed. According to the results by Chiew
[2] and Sumer et al. [3], when the value of hydraulic gradi-
ent induced by the pressure exerting on the sandy seabed
reaches up to the critical hydraulic gradient, the liquefaction
of sandy soil will occur. Under certain conditions, the
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suspension of pipelines with small value of embedment into
the sandy seabed and the local scour of sandy seabed around
the pipeline will also take place [4, 5]. Therefore, investigat-
ing hydrodynamic forces acting on the seabed will help en-
gineers in design of pipeline to protect sandy seabed from
being eroded by fluid, and will be also useful to understand
the interactions between pipelines, seabed and ocean cur-
rents.

The interactions between cylinders, plane boundary and
fluids have attracted wide interests from many researchers.
The forces acting on the cylinder and the plane boundary are
paid much attention. Taneda [6] made a qualitative observa-
tion of the flow around a circular cylinder near a plane
boundary in a water tank with Reynolds number Re =170.
Roshoko et al. [7] investigated the lift and drag coefficients
of a circular cylinder near a plane boundary with the gap
ratio (eo/D) from 0 to 6 (in which eg is the gap between the
circular cylinder and the boundary, D is the diameter of the
cylinder) and found that the drag coefficient (Cy4) reaches to a
minimum value of 0.8 when the cylinder is touching the
boundary. Goktun [8] also found a minimum drag at eo/D=0.
Bearman & Zdravkovich [9] studied the flow around a circu-
lar cylinder near a plane boundary, and the pressure distribu-
tions were measured around the cylinder and along the
boundary for various gap ratios (e,/D) at a Reynolds number
of 4.5x10%. Grass et al. [10] discussed the influence of bed
proximity on wake vortices of free spanning pipelines. Tani-
guchi & Miyakoshi [11] studied the fluctuations of lift and
drag of the cylinder close to a plane boundary and reported
that the fluctuating fluid forces are strongly reduced at cer-
tain value of the gap. Buresti & Lanciotti [12] measured the
mean and fluctuating forces acting on a circular cylinder near
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a plane surface in cross flow and found that the mean lift
coefficient decreased rapidly by increasing the gap size,
whereas the mean drag coefficient showed non-monotonic
trends with eo/D. Lei et al. [13] experimentally investigated
the forces of a smooth circular cylinder at Reynolds numbers
from 1.30x10* to 1.45x10* and analyzed the effects of bed
proximity upon the forces acting on the cylinder. On the
other hand, the fluid forces acting on the boundaries without
the existence of structures have also been studied by some
researchers. For instance, the work about the investigation of
wall shear stress was done by Hanratty & Campbell [14] and
Haritonidis [15]. Sumer et al. [16] studied the wall shear
stress by two-component hot-film probe. In addition, Cheng
et al. [17] investigated the influence of external turbulence
on bed shear stress.

In the aforementioned literature, most research focused
on the hydrodynamic forces acting on the structures (e.g. the
cylinder) or on the plane boundary (e.g. seabed) without the
existence of structures, but few attentions have been paid to
the fluid forces acting on the surface of the seabed around
the pipeline. In fact, the characteristic of the forces (e.g. the
shear stress and the pressure) acting on the surface of the
seabed plays an important role about the stability of the sea-
bed [18, 19].

This study is aimed at investigating the characteristic of
the hydrodynamic forces acting on the seabed around a pipe-
line. By solving the Navier-Stokes equations and the seepage
flow equation, the flow field on the seabed and the seepage
flow within sandy seabed will be obtained. Based on the
proposed numerical model, the distributions of the pressure
and the shear stress along the surface of the seabed will be
discussed in detail.

NUMERICAL MODEL
Governing Equation

In this study, a two-dimensional problem is considered,
as depicted in Fig. (1). The incompressible Reynolds-
averaged Navier-Stokes equations are used to describe the
movement of fluid on the seabed as follows:
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where u; is the mean velocity of fluid, ui' and u'j are the pulse

velocity of fluid, p represents the pressure, p is the mass
density of fluid, ;, denotes the dynamic viscosity coefficient

of fluid, t is the time, x is coordinate variable, the subscript
i, j =1, 2correspond to the directions of x and y respectively.

According to the generalized Boussinesq vortex-viscosity

hypothesis [20], the unenclosed term in equation (2) —ui'uJ
can be expressed as

= (Y _Lks 3
uu v(x - 3)

where k =u;u; /2 represents turbulent kinetic energy, v, is
the viscosity coefficient of turbulent flow.

The realizable k —¢ model is used to compute the turbu-
lent quantities which can satisfy certain mathematical con-
straints on the normal stresses. It is consistent with the phys-
ics of turbulent flows, compared with other k —& models.
Moreover, a new eddy-viscosity formula about a variable
(c,) is adopted, and a new model equation for dissipation

(&) based on the dynamic equation of the mean-square vor-
ticity fluctuation is used in realizable k — ¢ model.

The transport equations fork and ¢ in the realizable k — ¢
model are
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B*= ijSij +QijQij ©)
Q, =Q; - 2e,0, (10)
where Q; is the mean rotation rate tensor and

Q; =1/2(du, / ox; - du; 1 dx) e, is the
sor, @, is the fluctuating vorticity, the term(qjlwl)is set as

replacement ten-

zero in this study; The model constants Ay and A are given
by

A, =404, A =+6cosg ,
cos‘l(\/— 6W), W = S' S ,

~ au.
S= SijSij , Sij 2(6X axj). (11)

The coefficient C; in Eq.(5) is defined as

— n
C, = max[0.43,——],
1 [ 7]+5]

k
n= s;, S =28;S; (12)

The values of model constants are specified as
C,=144,C,=19, 0, =10and o, =1.2.

For porous seabed, the seepage flow exists within a
sandy seabed. In this study, we consider the sandy soil to be
homogeneous and isotropic, and the pore water is incom-
pressible. For the case of two-dimensional plane-strain prob-
lem, the mathematic equation describing seepage flow can be
written as:

24+ % =0 13)

in which h(:y ) denotes the pressure water head and g is
Jols

the gravitational acceleration.
Boundary Conditions

The typical sketch of the model geometry used in this
study is depicted in Fig. (1). T'; is the inflow boundary,
where the Dirichlet-type boundary condition, i.e.
U = Uy, U, =0, (uu)"?/(uu)?=12%, and the turbulent vis-
cosity ratio is prescribed, i.e. v, /v=5. As shown in the
figure, T'; is the outflow boundary, where the diffusion flux

in the direction normal to the exit is set to zero for all vari-
ables. T, is defined as the symmetry boundary, namely,
zero normal velocity and zero normal gradients of all vari-
ables are applied at this boundary. For the wall boundary T,

which is the surface of the pipeline, the logarithmic law of
the wall function is adopted, i.e.
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U =Ly (y*>112) (14)
K
u* = y* (y*<:]_]__2) (15)
in which
a2 1/4k1/2
u* :—UPC“/ ke and y*= PCy . Ye (16)
Tyl P

where « is von Karman constant and x =0.42 , E is the em-
pirical constant and E = 9.79, up is the mean velocity of the
fluid at point P, kp is the turbulence kinetic energy at point P,
Yy, is the distance from point P to the wall boundary. The

boundary condition for k imposed at the wall boundary (T';)
is
ok _
on
in which n is the local coordinate normal to the solid bound-
ary. The production of kinetic energy (Gy) and its dissipation
rate (¢) at the wall boundary-adjacent cells are computed on
the basis of the local equilibrium hypothesis. Under this as-
sumption, the production of k and its dissipation rate are as-

sumed to be equal in the wall boundary-adjacent control vol-
ume. The production of k is computed from

(17)
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The ¢ is computed from

C3/4k3/2

N
= 19
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When the N-S equations, i.e. Egs. (1) and (2), are solved, the
surface of the seabed (T',) is specified as the same type as

the boundary I'; , i.e. the wall boundary. However, when the

seepage flow equation (see Eq.(13)) is solved, ", is a pres-
sure water head boundary, where h=h(x) is applied. T,

I'; and T’y are set as impermeable boundary, i.e. oh/ an =0.

Numerical Method

The finite volume method is used to discretize the N-S
equation. The SIMPLE algorithm [21] is adopted to deal
with pressure-velocity coupling. The quadrilateral and trian-
gular elements are used in flow model. To improve the pre-
cision of computation, the grids around the pipeline are re-
fined. The size of grid is specified on the basis of the study
of mesh dependence. The seepage flow equation is solved by
finite element method with Lagrange quadratic triangular
elements. The N-S equation and seepage flow equation are
solved respectively. At first, the N-S equation is solved, and
the pressure along the surface of sandy seabed is obtained.
Then the seepage flow equation is solved by defining the
pressure along the surface of seabed from the solution of N-S

equation at the boundary T,
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Verification of Numerical Model

To verify the validation of the numerical model, the
comparison is made upon the mean lift and drag forces act-
ing on the pipe near the rigid boundary and the pressure
along the boundary between the numerical and experimental
results in this section. The experimental results reported by
Buresti et al. [12] and Lei et al. [13] are used to verify the
present model, as depicted in Fig. (2).

1.2 ' T Y ™]
4
—— Present study
0.9¥ O Leietal.(1999) 1
& Buresti et al.(1992)-case1
~ 0.6- v Buresti et al.(1992)-case2

Fig. (2a). The comparison upon the mean lift forces acting on the
pipe between numerical and experimental results. (In the work by
Buresti et al. [12]: Re =1.89x10°, 1.42x10° in the work by Lei et
al. [13]: Re =1.36x10%).

The lift force coefficient (C_) and drag force coefficient
(Cp) are defined respectively as:
C o= (204)
1/2pu?DL

Cyo= (20b)
1/2pu?DL
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Fig. (2b). The comparison upon the mean drag forces acting on the
pipe between numerical results and experimental results.(Re
=1.89x10°, 1.42x10° in work by Buresti et al. [12], Re =1.36x10*
for the work by Lei et al. [13]).

where F_ is the lift force acting on the pipe, Fp is the drag
one, U, is the inflow velocity, L is the length of the pipe. It

is noted that the Reynolds number in their experiments men-
tioned above are within the subcritical regime. The differ-
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ences between Cases 1 and 2 by Buresti et al. [12] are the
different thickness of boundary layer. The thickness of case
1is 0.1D at the cylinder axis position, while it is 1D for the
case 2. The thickness of boundary layer is 0.14D for the re-
sults by Lei etal. [13] and 0.2D for this study.

It can be seen from Fig. (2) that the mean lift coefficient
(C.) computed by the present model is about 0.75 at
e /D=0 and 0.15 at e /D =04. When the gap-to-
diameter ratio (e, /D) increases to the value of 1.2, the

mean lift coefficient almost tends to be zero. The computa-
tional mean lift coefficients agree with those of experiments
well. The mean drag coefficient (C) presented in this study
isabout0.68 at e, /D=0 and 0.99 at e,/ D =0.4. The drag
coefficient increases to 1.09 for the case of e /D =0.8,

which is a little lower than experimental results. However,
the trend of drag force versus gap ratio (gy/D) is consistent.

Fig. (3) presents the comparison of the mean (time-
averaged) pressure distribution along the plane boundary.
The pressure coefficient (cp) is defined as:

0.8 T T T T T

®) -0.44 ——¢,/D=0.3,present study
——————— €,/D=0.5,present study
- = - ¢/D=0.7,present study
-0.84  &/D=0.37,Jensen(1987)
¥ e/D=0.4,Bearman(1978)
O e/D=0.8 Bearman(1978)

6 4 2 0
x/D

Fig. (3). The comparison upon the mean pressure along the plane
boundary between present model and experimental results (the
experimental parameters in the work by Jensen [22] are: e,/D=0.37,
Re=0.7x10* Re=4.8x10* for the work by Bearman & Zdravkorich

(9D
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where p is the static pressure, po is the reference pressure,
which is set as 101325 Pa. It is indicated from the figure that
the variation of mean pressure coefficient along the plane
boundary agrees well with the experimental results by Bear-
man [9] and Jensen [22].

RESULTS AND DISCUSSIONS

In this study, the model parameters are set as follows: the
height of flow region is 30D, and the length is 60D. The dis-
tance between the center of the pipeline and the inflow
boundary is 30D. Therefore, it is 30D from pipeline center to
outflow exit. The depth of seabed is 30D. The mass density
of fluid is set as 998 kg/m®, and the dynamic viscosity coef-
ficient of the fluid is 0.001 Pa-s. The diameter of the pipe-
line is set as 0.6m and the inflow velocity is specified as
0.2m/s. Therefore, the Reynolds number is about 1.19 x 10°
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in this study. Two types of seabed are considered, i.e. the
plane seabed and the distorted seabed, as depicted in Fig. (4).
For the distorted seabed, the main emphasis is laid on the
various arc-shaped deformation of seabed beneath the pipe-
line.

Distorted seabede

Plane seabed

Q

Fig. (4). The sketch of two types of seabed.

Characteristic of Flow Around the Pipeline and Seepage
Flow within Sandy Bed

An example for the plane sandy seabed with a pipeline is
taken in this section. Fig. (5) illustrates the typical distribu-
tion of flow velocity on the seabed with a pipeline and that
of hydraulic gradient induced by the flow on the seabed at
some time t,. It is noted that the gap between the pipeline
and the seabed is zero in Fig. (5). There exists an apparent
wake flow region within which the magnitude of velocity is
smaller than that outside the wake region, and the maximum
velocity appears near the top surface of the pipeline, as can
be seen in Fig. (5). The value of hydraulic gradient close to
the bottom of the pipeline is much larger than that far from
the pipeline, which also indicates that the maximum hydrau-
lic gradient occurs at the region near the pipeline.
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Fig. (5). Distribution of velocities on the sandy seabed and seepage
flow within a sandy seabed.
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Pressure and Shear Stress Along the Seabed

The distribution of mean (time-averaged) pressure along
the plane seabed with various gap-to-diameter ratios is illus-
trated in Fig. (6). It can be seen from the figure that there is a
jump of pressure between the upstream and downstream
sides of the pipeline. With the increase of gap between pipe-
line and seabed the amplitude of the pressure at the upstream
side of the pipeline gradually decreases. The pressure differ-
ence between two sides of the pipeline presents a declining
trend with the increasing gap.

0 8- T T T T T
upstream

0.44

plane seabed

experimenal data(Jensen,1987)

5 4 2 0 2 4
x/D

Fig. (6). The distribution of mean pressure along the surface of
plane seabed.

(o))

Fig. (7) gives the mean (time-averaged) pressure distribu-
tion along the distorted surface of seabed (arc-shaped). It is
noted that the results for the case of e,/D=0 is also included
in the figure for reference. It can be seen from the figure that
there are some differences for the pressure distribution be-
tween the distorted seabed and the plane seabed. Two pres-
sure peaks are observed for the case of distorted seabed, but
only one exists for plane seabed. Within the distorted gap the
pressure along the surface undergoes an ascending and de-
scending process.

O
0.4 /
0.0F=

-1.24 Distorted seabed
6 4 -2 0
x/D

Fig. (7). The distribution of mean pressure along the surface of
distorted seabed.
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N
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The distribution of mean (time-averaged) shear stress
along the surface of plane seabed with seven gap ratios, i.e.
e/D=0, 0.1, 0.3, 0.5, 0.7, 0.9, 1.2, are shown in Fig. (8),
where the friction factor (Cs) in the figure is defined as

Ty

1/2pu2’

C, = (22)
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in which T, is the bed shear stress. It can be observed from

the figure that when the pipeline contacts the surface of sea-
bed, the shear stress within the range of x/D<0.5 along the
surface of seabed is very small. And at the place of x =1.5D
there exists a peak of shear stress. For the case of positive
value of gap ratio (e.g. eo/D = 0.1, 0.3...), there is also a
peak of shear stress, but it occurs beneath the bottom of the
pipeline.

| —e/D0 e/D=0.1 ]
0.016 - /D=03 - e/D=05
—---e/D=0.7 -~ e/D=0.9

Plane seabed

1
(o))

1
N

1
N
o
N
N
(o)}

x/D

Fig. (8). The distribution of mean shear stress along the surface of
plane seabed.

Fig. (9) presents the distribution of mean (time-averaged)
shear stress along the distorted seabed with several gap ra-
tios. It is shown in the figure that there are two peaks of
shear stress for the case of distorted seabed, which occur at
the upstream and downstream sides of the pipeline. With the
increase of gap between pipeline and seabed, the value of
peak shear stress at the upstream side gradually decreases
and that at the downstream side varies little. When the gap
ratio reaches up to 0.7, the peak shear stress at the upstream
side of the pipeline already decreases to a normal level,
while the peak shear stress at downstream side is still a large
one. It means that the place at downstream side of the pipe-
line will be scoured much intensively compared with that at
upstream side. When the gap between pipeline and seabed is
small (e.g. eo/D=0.1), the shear stress along the gap presents
a big value. With the increasing gap ratio the place of maxi-
mum shear stress gradually moves to the downstream side of
the pipeline.

0.0184 —eyp=0 e/D=0.1 |
- €/D=03 - /D=05
| —---e/D=07 -~ /D=09
......... e,/D=1.2

0.0124 Distorted seabed 1

0.006-

0.000-

Fig. (9). The distribution of mean shear stress along the surface of
distorted seabed.
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A comparison of pressure distribution along plane and
distorted seabed was made, as shown in Fig. (10). It is ob-
served from Fig. (10) that the pressure difference between
two sides of pipeline for the case of distorted seabed is lower
than that for plane seabed. Fig. (11) gives the distribution of
shear stress along two types of seabed for ¢,/D=0.1 and 0.5.
It can be seen from the figure that the shear stress along the
gap between pipeline and seabed for the distorted seabed is
smaller than that for the plane seabed. This concludes that
under the condition of same gap ratio the distorted sandy
seabed is more stable than the plane sandy seabed.

1-0 T T T
0.5-
0.01
© o5
—— Plane seabed
-1.04 - - Distorted seabed E
e/D=0.1
-1.5 ' ' ' ]
-8 4 0 4 8
x/D

Fig. (10a). The comparison of mean pressure distribution along the
surface between plane and distorted seabed-e,/D=0.1.

0.4 .
0.0
-0.4-
—— Plane seabed "
— — Distorted seabed '
-0.84 eJD:(IiSSt " .
-8 -4 0 4 8
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Fig. (10b). The comparison of mean pressure distribution along the
surface between plane and distorted seabed-e,/D=0.5.

— Plane seabed N7 N

0.0004 - - Dpistorted seabed i
e/D=0.1
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Fig. (11a). The comparison of mean shear stress along the
surface between plane and distorted seabed-e,/D=0.1.
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Fig. (11b). The comparison of mean shear stress along the surface
between plane and distorted seabed-e,/D=0.5.

Fig. (12) plots three types of distorted surface of seabed.
The gaps between pipeline and seabed are 0.1D, 0.5D and
0.48D. It is noted that the distorted boundaries for the first
two cases are arc-shaped and designed manually. The dis-
torted boundary for the third case is an experimental profile
which corresponds to the equilibrium scour profile of the
sandy bed under action of certain unidirectional flow. In the
experiments, at the initial time the pipeline just contacts to
the surface of sandy bed, i.e. the gap is zero, then the scour
occurs until the equilibrium stage. In the equilibrium stage,
the profile of surface of sandy bed changes little and for the
clear-water scouring case the shear stress along the surface
induced by fluid drops below the value of critical shear stress
at which the sand grain will begin to move. The details about
the experimental profile can be referenced to the work by
Yang et al. [23].

a) e/D=0.1

Q

O b) e/D=0.5

O c) e/D=0.48

Fig. (12). The schematic of various distorted surface of seabed.

Fig. (13) presents the distribution of shear stress along
the three types of distorted surface of seabed. It can be seen
from the figure that the shear stress along the surface of
sandy bed obtained from experiments is smaller than that
from the arc-shaped surface. It means that the arc-shaped
surface of sandy bed corresponding to the first two cases in

Yang et al.

Fig. (12) will be eroded more easily than the surface corre-
sponding to the third case in Fig. (12) under the action of
same steady flow.

0.009- .

0.006-

0.003

0.0004 — Arc-shaped surface e
— — Experimentally distorted surface
(e/D=0.1)
T T T T T
-6 -3 0 3 6 9

x/D

Fig. (13a). The comparison of mean shear stress distribution along
the distorted surface-eo/D=0.1 versus experimental profile.
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0.000-4—— Arc-shaped surface 4
— — Experimentally distorted surface
(€/D=0.5)

T

6 3 0 3
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Fig. (13b). The comparison of mean shear stress distribution along
the distorted surface-eo/D=0.5 versus experimental profile.

CONCLUDING REMARKS

In this study, we investigated the hydrodynamic forces
acting on the two types of sandy seabed (i.e. plane seabed
and distorted seabed) with a pipeline. The characteristics of
flow field on the seabed around the pipeline and seepage
flow within the sandy seabed under the pipeline are ana-
lyzed. The pressure and shear stress distributions along the
seabed for the case of several gaps between seabed and pipe-
line are discussed in detail.

o
O

With the increase of gap between pipeline and seabed the
pressure at the upstream side of the pipeline gradually de-
creases and the pressure difference between two sides of the
pipeline presents a declining trend. For the pressure distribu-
tion between the distorted seabed and the plane seabed, there
are two pressure peaks for distorted seabed, but only one
exists for plane seabed.

For the case of positive value of gap ratio (e.g. e/D =
0.1, 0.3...), there is one peak of shear stress beneath the bot-
tom of the pipeline along the surface of plane seabed, while
there are two peaks of shear stress for the case of distorted
seabed, which occur at the upstream and downstream sides
of the pipeline.

With the increase of gap between pipeline and seabed,
the value of peak shear stress along the distorted seabed at
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the upstream side gradually decreases and the one at the
downstream side varies slightly. When the gap ratio reaches
up to 0.7 the peak shear stress at the upstream side of the
pipeline already decreases to a normal level, while the peak
shear stress at downstream side is still a large one for the
distorted seabed. Under the condition of same gap ratio the
distorted sandy seabed is more stable than the plane sandy
seabed.
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