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The Numerical Simulation of Pipe/Soil Interaction Under Wave Loadings
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Abstract: The on-bottom stability of submarine pipeline is a key problem of submarine pipeline design.The key issue is
to simulate the interaction among wave,pipe and soil. In this paper, the constitutive models of soil, such as nonlinear
elastic, porous elastic and Ramberg-Osgood models are adopted respectively, and the pipe/soil interaction has been
analyzed by the common finite element software ABAQUS program. The contact surfaces have been established. The
factors such as contact effect,frictional coefficient between pipe and soil ,pipe’s penetration, the impact of yielding stress
are considered. Also, the results show that the computation of the pipe/soil interaction is feasible and may provide a help-
ful tool for the engineering practice of pipeline on-bottom stability design.
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1. INTRODUCTION

The on-bottom stability of submarine pipeline is a key
problem of submarine pipeline design. If the sea bottom can
not provide enough lateral resistance to balance the horizon-
tal component of the hydrodynamic force, the pipeline
breakout will take place,i.e. instability occurs.

Since 1980’s, many foreign scientific institutes [1-5]
have conducted the further research to the pipe/soil interac-
tion of the untrenched pipe by the cyclic loading. The main
conclusions are: the hydrodynamic force induced by wave
and current can lead to the pipe’s additional penetration, and
the soil lateral moundings beneath the pipe will take place
when the pipe’s lateral displacement happens, these will
cause that the soil’s lateral resistance is larger than Coulomb
friction force, so the lateral resistance coefficient larger than
Coulomb friction coefficient.

They also put forward the pipe/soil interaction model, as
shown in Fig. (1). In this model, the soil resistance should
include a soil passive resistance component as follows:

FH: F|:+ FR

where Fy is total lateral soil resistance, Fg sliding resistance
and Fr lateral passive soil resistance. The above experimen-
tal results are reflected in the Veritect’s and AGA’s design
guidelines [6, 7].

Gu xiaoyun and Gao fuping [8, 9] have conducted the
pipe/soil interaction experiment under the hydrodynamic
force, discussed the physical mechanism definitely besides
obtaining the similar results compared to the previous ex-
periments, and also pointed out that the pipeline’s instability
of the wave-soil-pipe coupling effect is a result of combined
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Fig. (1). Pipe/soil interaction.

action of vortex above the seabed and seepage under the sea
bottom, that is to say that the permeability plays an impor-
tant factor.

Lyons [10] has conducted the computation of the un-
trenched pipe, adopted nonlinear elastic model and static
method. Mei [11] has studied the breakout of half-buried
pipe under hydrodynamic force. Yongbai [12] has analyzed
the on-bottom stability of submarine pipeline, but only con-
cerned with the deformation action of the pipeline, not con-
sidering the pipe/soil interaction.

Gao fuping [13] has proposed an improved analysis
method for the on-bottom stability of a submarine pipeline
which is based on the relationship between Um/gD 0.5 and
Ws/D2. The proposed analysis method may provide a help-
ful tool for the engineering practice of pipeline on-bottom
stability design. Gao fuping [14] has employed a hydrody-
namic loading method in a flow flume for simulating ocean
currents induced submarine pipeline stability on a sandy sea-
bed. The pipeline stability in currents is compared with that
in waves, which indicates that the pipeline laid directly upon
the sandy seabed is more laterally stable in currents than in
waves.
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Table 1. Soil Characteristics for Duncan-Chang Nonlinear Elastic Model

Cohesion Angle of Saturated Failure Experimental Experimental Experimental Experimental Experimental
C (kPa) Internal Density Rate Constant Constant Constant Constant Constant
Friction Piat R¢ K n G F D
90 (kg/m?)
0.0 40 2.0x10° 0.85 410 0.60 0.34 0.09 420

Table 2. Soil Characteristics for Porous Elastic Model

Soil Porosity Poisson’s Shear Modulus Soil Permeability Bulk Modulus of Soil Bulk Modulus of Soil
n’ Ratio G (N/m?) (m/sec) Particle Skeleton
" (N/m?) (N/m?)
0.4 0.4 5x10° 10(coarse sand) 40x10° 100x10°
10" (fine sand)
Table 3. Soil Characteristics for Ramberg-Osgood Model
Elastic Modulus Poisson’s Ratio Hard Parameter of Non- Shear Stress Yield Offset
(N/m?) " linear Term 1y (Pa) a
5x10° 0.35 3x10* 1
Table 4. Pipe Parameters P
G-Flg(=®)
v = Pa )
Elastic Modulus Poisson’s Ratio ! 2
N/m? u
( ) 1— D(Gl - 63) _
210x10° 0.3 kPa(Z2)[1- R (0, - 0,)(1-sing)
Pa 2ccosg +20,sn¢

Liu Jing [15] has simulated the interaction among flow,
pipe and soil. The factors such as contact effect, frictional
coefficient between pipe and soil, buried depth, pipe radius.
Based on the numerical results the vertical displacement and
hoop stress should are underestimated dramatically without
considering the contact effect in the case of smaller buried
depth. Meanwhile, porous water pressure in coarse sand at-
tenuates slower than that in fine sand, so pipe embedded in
fine sand is more stable and safer than that in coarse sand.

In this paper, the pipe/soil interaction has been simulated
by using the ABAQUS [16] software. The pipe/soil system
has been assumed to be plane strain, and the pipe is elastic.

2. COMPUTATION MODEL

2.1. Mathematical Formulation

To choose the soil’s constitutive model is an important
factor in the geotechnical engineering. In this paper three
different models are adopted. Such as Duncan-Chang non-
linear elastic, porous elastic, Ramberg-Osgood model. The
mathematical formulation are as follows and parameters
needed are shown in Table 1-5.

The Duncan-Chang nonlinear model is:

Table 5. Wave Parameters

In which: C,¢ -shear strength quota, Pa-atmosphere
pressure, 61, 63 -axial principal stress, K,R¢,n,G,F,D - unde-
cided parameter

The porous elastic model is:

:ZG(@+ s s)
ox 1-2u

~

GX
ov u
- ov 2
o 2G(ax+l_2uej )
=G a—u+ﬂ
ox ady

In which: oy-soil skeleton’s horizontal stress, ay' -soil
skeleton’s vertical stress, 7 - shear stress.

The Ramberg-Osgood model is:

n-1
T
Gyy =t+o0|—

(3)

y

In which: GO-shear module, Y-shear stress, 7-shear stress,
7-yielding stess, n-nonlinear hardening parameter, o-
yielding offset.

Wave Period () Water Depth (m)

Wave Length (m)

Water Volume Module
(N/m?)

Wave Height (m) Seawater Density

(kg/m?)

10.0,12.5,15 20,40,60 1211

5.0 2x10° 1030




The Numerical Simulation of Pipe/Soil Interaction under Wave Loadings

N

AT

Fig. (2). Finite element model.

2.2. The Determination of Wave Loadings

Actually the pipeline is laid on the seabed, so the wave
load is dynamic. The wave load is decided according to the
Morsion equation.

Fu=Fp+F (4)

In which: Fp-horizontal drag force, Fj-horizontal inertial
force

C
FD :7DpDux‘ux‘ (5)

In which: D-pipe’s diameter, P-fluid mass density, Cp-
drag force coefficient, 1.25, UxThe horizontal velocity

commponent of water mass point

pnD?

F=C u, (6)

In which, Cj-intertial coffecient, 2.0.

3. THE ESTABLISHMENT OF FINITE ELEMENT
MODEL

3.1. Contact Problem

In resolving the pipe/soil interaction, the shearing slip
can occur between the contact surface pipe and seabed. In
the contact simulation of ABAQUS, the simple master-slave
contact method is adopted. In order to obtain better result,
the slave and master surface must be chosen carefully, the
discipline is: slave surface must be the surface of finer mesh;
if mesh density is similar, slave surface must be composed of
soft material. Based on the discipline, the lower pipe as mas-
ter contact surface, two pipe’s diameter length on the seabed
is chosen to be the slave contact surface, in order to form a
“contact pair”.

3.2. Finite Element Model and Boundary Conditions

Because the seabed foundation is a semi-infinite
space, the certain range should be chosen in the computa-
tion. When defining the size of the finite element computa-
tion model, the range of the finite element computation
model is defined according to the following principles: hori-
zontal direction the seabed is twenty times of pipe’s diame-
ter, vertical is ten times. In the computation, eight-node ele-
ment is used for the pipe, the four-node element is used for
the seabed, The finite element model is as shown in Fig. (2).
Boundary conditions are as follows: far away from the pipe-
line, zero displacements at the both sides, the bottom, how-
ever, free boundary is used at the top.
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Fig. (3). The pore pressure and effective stress in coarse sand.

0.0

A Io. P, c‘é?{lc‘xxlfpo o
0.2 x c’)l/ —m—numerical simulation
\S-o/-/ —O— Jeng&Hsu
0.4 Vi —-plip,
AN I
S 0.6 -V \o\- \I\D
. / on \l\)
-0.84 \& ‘ l>
-/ \O\.|ny|/pu \l>
ol _ \\. I \}

Fig. (4). The pore pressure and effectivestress in fine sand.

(2) @

Fig. (5). Constraint equation.

In order to test the correction of the FE, we have con-
ducted the free field response of the seabed under wave load-
ings. The results and graphs are as follows Figs. (3 and 4).
Compared with the previous computation results, it can be
found that the FE mesh is reasonable.

3.3. Constraint Conditions

Actually the pipeline is constrained by the riser and its
rotation stiffness, so the pipe can not roll. But in two dimen-
sional simulation, it is possibile for the pipeline to roll on the
seabed. So the constraint equation is adopted at both sides of
the pipeline in order to prevent the pipe from rolling, as
shown in Fig. (5).

The constraint equation is as follows:
u,’ +(-u,’ =0 )

In which, 2 and 7are the node number of both sides of the
pipe separately.
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Fig. (6). The relationship between pipe’s subweights.
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Fig. (7). The comparability of computed penetration and penetra-
tion experiment.

4. COMPUTATION RESULTS
4.1. Static Computation Results

The sand’s friction coefficient is 0.7 when Lyons used
static method. In this paper, when using static method, the
lateral resistance coefficient is equal to the Coulomb friction
coefficient of the contact face, which explains that our com-
putation matches with the previous computation results. But
as described before, the environmental loading is dynamic,
and also the wave-pipe-soil coupling experiment has been
conducted under the hydrodynamic force. So the followings
are dynamic results.

4.2. Pipe’s Penetration

From Fig. (6), it can be found that when the pipe’s di-
ameter is 0.4m, the penetration of pipe for the porous elastic
model and Ramberg-Osgood model are identical, the nonlin-
ear elastic model is smaller, but has no experimental data.
From Fig. (7), the pipe’s diameter is 1.0m, the Ramberg-
Osgood model’s results are in accordance with the experi-
ments, the nonlinear elastic model is smaller. This demon-
strates that the porous elastic model and the Ramberg-
Osgood model are in accordance with the experiment in
penetration, but the nonlinear elastic model is smaller.
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Fig. (8). The relationship between penetration and yielding stress.
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Fig. (9). The relationship between penetration and yield stress.

In which, z - pipe’s penetration, D -pipe’s diameter, W, -
submerged weight of pipe per unit length.

4.3. The Relationship Between Pipe’s Penetration and
Horizontal Displacement

From Fig. (8), it can be found that when adopting the
elastic-plastic model, the horizontal displacement is larger
than that of porous elastic model and nonlinear model.

4.4. The Impact of Yield Stress

For plastic model, if soil element’s stress exceed yield
stress, so the soil will achieve yield state and destruction
occurs. The impact of yield stress has been considered (see
Fig. 9).

From Fig. (9), The pipe’s penetration is increasing with
the decreasing of yield stress. This is because that the yield
stress is smaller, the stress of soil element is easy to get to
the yield point, so some part of soil are destroyed, and cause
pipe’s penetration to increase.

4.5. Soil Lateral Mounding Phenomena

D. W. Allen [17] had given the detail description for
pipe’s movement, the cyclic loading caused pipe penetration
into the soil and soil mounding in front of the pipe, as shown
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Fig. (10). Embedment of pipe in soft sediments.

Fig. (11). The computed soil lateral moundings.
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Fig. (12). The comparability of computed resistance coefficient and
experimental results.

in Fig. (10). Our computation have obtained the similar phe-
nomena, as shown in Fig. (11). But the extent of soil mound-
ing of different model are different. The ratio of the pipe
embedment e to pipe diameter D, for nonlinear elastic model
is 0.064, porous elastic model is 0.0575, Ramberg-Osgood
model is 0.075. It can be drawn the conclusion that the phe-
nomena of the computation compared with the experiment
has comparability.

4.6. Lateral Friction Coefficient

D.A.Wanger et al. [2] had conducted the monotonic load-
ing and small amplitude oscillative loadings experiment, the
lateral resistance coefficient of the latter is 0.888,which far
exceeded the Coulomb friction coefficient 0.7. Our results
are as follows: for nonlinear elastic model, the average value
using semi-dynamic method is 0.78; for Ramberg-Osgood
model is 0.897, the reason is that the effect of the plastic
deformation is considered, which result in large deformation
and lateral resistance coefficient. The average value of the
hydrodynamic experiment [18] is 0.83, our computational
value for porous elastic model is 0.802, the reason is that in
this model, the effect of the pore water is considered. (see
Fig. 12)

Where, ¥ -buoyant unit weight of soil.
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5. CONCLUSIONS

1) The pipe/soil interaction upon the untrenched subma-
rine pipeline is for the first time simulated numerically by
using the ABAQUS program and dynamic method.

2) In this paper, three different kinds of model are
adopted, such as Duncan-Chang nonlinear elastic model,
porous elastic model, Ramberg-Osgood models.

3) Three model’s results (penetration, soil lateral mound-
ing, resistance coefficient) have differences, but are closer to
each other, and in the range of the experimental results,
which demonstrates that the computation of pipe/soil interac-
tion is feasible. In a word, the nonlinear elastic model is suit-
able for the soil that plastic deformation can be ignored; po-
rous elastic model can is suitable for the soil that pore water
should be considered, but in fact, this model is in accordance
with the actual conditions; Ramberg-Osgood model is suit-
able for the soil that plastic deformation should be consid-
ered.

4) According to the pipe/soil interaction analysis, the re-
sults may provide a helpful tool for the engineering practice
of pipeline on-bottom stability design.
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