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Abstract: Seismic-induced pore pressure and effective stresses in the saturated porous seabed under seismic loading are
the main factors that govern the overall stability of submarine pipelines. In most of the previous investigations for the
seismic-induced dynamic response around a submarine pipeline have been limited to two-dimension cases. In this paper, a
three-dimensional finite element model including buried pipeline is established by extending DYNE3WAC. Based on the
numerical model presented, the effects of pipeline geometry and soil characteristics on the seismic-induced pore pressure
of the seabed and internal stresses of submarine pipeline will be discussed in detail.
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1. INTRODUCTION

It has been widely reported in the literature that earth-
quakes have damaged many lifeline structures, such as sub-
way, tunnels and buried pipeline, which may further cause
fires, gas leaking and economic losses [1]. The submarine
pipelines in earthquake active areas are subjected to both
wave and seismic loading during earthquakes. It is more
complex and important to analyze the dynamic response of
submarine pipeline for the reliable design of pipeline.

Subsequently, the seismic analysis and behavior of bur-
ied pipelines have been investigated by many researchers.
Various approaches for the seismic-induced seabed response
have been carried out since the 1970°s. Among these, regard-
ing analytical approximations, the simplest analytical model-
ing of a buried pipeline was proposed by Newmark [2] and
Hall [3]. In their models, the pipeline is assumed to follow
the deformation of the ground, but processes of the soil-
pipeline interactions were not considered. The experimental
studies mainly include forced vibration tests, earthquake
simulator tests and centrifugal shaking table tests [4]. Com-
paratively, centrifugal modeling could capture the real stress
field of the soil and produce more authentic and reliable re-
sults [5]. Wong et al. [6] demonstrated the importance of
considering the effect of pipeline motion in modifying the
free field ground motion into the pipeline analysis using the
FEM (finite element method) method. Zou et al. [7] con-
ducted the shaking table model test on pipelines buried in
saturated sand foundation, also used numerical model to
simulate the process of build-up and dissipation of
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pore pressure in foundation around the pipelines and com-
pared it with shaking table test results.

To the authors’ best knowledge, the majority of previous
research of numerical models about submarine pipeline has
been limited to two-dimension cases, although earthquakes
may happen in mixed directions in the real environment.
Therefore, it is necessary to develop a three-dimensional
model to investigate these realistic circumstances. To simu-
late the dynamic response of three-dimensional model under
seismic loading, a finite element program, DYNE3WAC
(DYNamic Earthquake Analysis Program 3D Window Ver-
sion for ACademic) developed by Ou [8], is used. The model
is based on the fully implicit u-p approximation of the Biot
formulation [9]. The program can be used for static, consoli-
dation and dynamic situations under drained and un-drained
conditions.

In this paper, the 3D finite element model (DYNE-
3WAC) will be further enhanced by including buried pipe-
line in the model. Based on the numerical model, a paramet-
ric study is conducted to examine the effects of pipeline ge-
ometry and soil characteristics on the seismic-induced pore
pressure of the seabed and internal stresses of submarine
pipeline will be discussed in detail.

2. BOUNDARY VALUE PROBLEM

In this study, a three-dimensional problem is considered.
A fully buried pipeline (with a radius 0.5D) is located in a
porous seabed of finite thickness 4 laid upon an impermeable
rigid bottom and surrounding by four impermeable walls see
Fig. (1). The z-direction is measured positive upward from
the surface of seabed, and y-direction is the horizontal which
is perpendicular in direction to the axes of pipeline. The
mesh of total three-dimensional model is depicted in Fig. (2).
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Fig. (1). The seabed-pipeline interaction system under seismic
loading.
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Fig. (2). Sketch of seismic-seabed-pipeline interaction problem.

As shown in Fig. (2), an eight-node iso-parametric element is
used in the region near the pipeline. Outside this region, an
eight-nodal rectangular element is used. This kind of mesh
has been used for treating the problem around a pipe-like
structure [10].

2.1. Governing Equations

DYNE3WAC is an extended version of SWANDYNE 11
[11, 12] from 2D to 3D, which is based on the fully implicit
u-p approximation of the Biot formulation [9]. The dynamic
governing equations for the u-p approximation of the Biot
formulation are basically the momentum relation for the soil-
fluid ‘mixture’ and the mass balance of the flow. The math-
ematical and numerical formulations of the program are de-
scribed in detail by Chan [11] and Zienkiewicz et al. [12],
which is outlined here.

(1) Equilibrium of Mixture is Written as: (in Tensorial
Form)

oy + Py — pii; = p W, +wyw, =0, (1)
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where o; is the total stress tensor (tensile positive), u; and
w; are the acceleration of the solid skeleton and average

(Darcy) fluid velocity respectively, b; is the body accelera-
tion per unit mass, p;, p, and p are the densities of the

solid grain, fluid and mixture, respectively, with
p= (1 —”)Ps +np, and n being the porosity of the porous

media. The underlined terms represents the fluid acceleration
relative to the solid and the convective terms of the accelera-
tion.

(2) Equilibrium of Fluid:

_p,z_Rz_pfu,_Pf(W,+WjW,’j)/n+pfbl=() (2)

where R represents the viscous drag forces, assuming the

Darcy seepage law, can be written as k;R; =w;, k is the

permeability of soil with the dimensions of
[length]’[time]/[mass], which can be expressed by the usual
soil mechanics convention k', with k:k’/p}v g', where

Py and g' are the fluid density and gravitational accelera-
tion at which the permeability is measured.

(3) Conservation of Mass of Fluid Phase:

. » (-n)p Kp(. o
wii+gii+£+m——T gﬁ+i +np—'f+s0=0
’ K, K K Pr

N N N

A3)
where w; ; is the flow divergence in the unit volume, & is
the increased volume due to a change in strain, nj)/ K, is
the additional volume stored by compression of void fluid
due to the fluid pressure increase, (1—n)p/K is the addi-
tional volume stored by the compression of grains by the
fluid pressure increase, —K; (¢;; + p/K,)/K, is the change
in volume of the solid phase due to a change in the inter-

granular effective contact stress, and the underlined part
np / Py + 3, are corresponding to a change of density and

rate of volume expansion of the solid in the case of thermal
change and are negligible in general.

The mass conservation equation can be further expressed
by using the definition of ¢ and Q.

w[,i+aéii+£+nﬂ+$0=0 4)
Pr

where K is the average bulk modulus of the solid skeleton,
K is the average material bulk modulus of the solid com-
ponents of the skeleton and K, is the bulk modulus of the
fluid, with 1/Q0=n/K, + (a-n)/K, = n/K, + (1-n)/K,
and a=1-K; /K, .

Coupling equation (2) and (4), together with equation (1),
neglecting the underlined terms which are apparently small

under general earthquake analysis [8], the governing equa-
tion can be expressed as:
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O'g,j+Pbi_Piii=0 Q)

(k..(— e i+ b)) + "..+£:0 6
i p,‘/ pf”/ pf i agll Q ( )

Due to this simplified equation set only containing two
dependent variables u and p, it is usually called u-p approxi-
mation form, which was proposed by Zienkiewics et al. [13]
and applied to the cases of earthquakes.

(4) Governing Equation for Buried Pipeline:

Buried pipeline is assumed to the elastic material and the
solid element type is used. Based on an elastic theory, the
governing equation for buried pipeline is given by
Fpij.j + Ppbpi = Pyl ™

where Opij

the pipeline, bpi is the body force acceleration of the pipe-

is the stress of the pipeline, p, is the density of

line, 2. is the acceleration of the pipeline.

pi
(5) Constitutive Equation for Soil:

It is assumed that the soil skeleton is a poro-elastic mate-
rial. Therefore, stresses and strains in solid skeleton are re-
lated on the basis of Hooke’s Law [14, 15]. The constitutive
equations for a homogeneous porous medium can be ex-
pressed as:

oy =2ue; + Ao e—ad, p ®)
Ap = —aMe + M¢ )
e=u;; &=-w;, (10)

in which u; and w; denote the average solid displacement
and the infiltration displacement of the pore fluid; &; and e

are the strain tensor and the dilatation of the solid skeleton;
¢ is the volume of fluid injected into a unit volume of the

bulk material; oy is the stress of the bulk porous medium,;

Ap is the excess pore pressure and J; is the Kronecker

delta. The compressibility of the saturated porous medium is
considered in terms of the solid skeleton Lamé constants, A
and y , and Biot’s parameters o and M .

2.2. Boundary Conditions

For a porous seabed of finite thickness, as shown in Fig.
(1), to evaluate the seismic-induced seabed response around
a buried pipeline, the following boundary conditions are con-
sidered [16].

Firstly, zero displacements and no vertical flow occurs at
the impermeable horizontal bottom, i.c.,

usx:O,um=0,uSZ=0,a_p:(), at z=—h (1D
oz
Secondly, we assume that the surface frictional stress is
small and negligible. The vertical effective normal stress and
shear stress vanish and pore pressure at the surface of the
seabed is equal to zero, i.c.
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o,=7,=0 p=0,at z=0 (12)

Thirdly, we assume that there is no flow through the
pipeline wall. This assumption is valid because the pipeline
is considered as elastic impermeable material. Thus, the pore
pressure gradient on the surface of the pipeline (»=R) should
vanish, i.e.,

2 2 2
ijo, rz\/(x—xo) +(y—y0) +(z—zo) =R (13)
n
where x; and z, denote the coordinates of the center of the
pipeline and 7 is the normal direction to the surface of the
pipeline.

Fourthly, we consider the lateral boundary is imperme-
able, i.e.,

usx:O,a_pzoatxzo and x=s (14)
Ox
op

u,=0,—=0at y=0and y=1/ (15)
oy

2.3.Simulation of Seismic Loading

The seismic wave named EL Centro is taken as input
seismic loading in this paper, which was recorded from Em-
pire Volley in America in 1940 [17]. Firstly, the data of
seismic wave were normalized. That is, the peak value of the
acceleration data should be changed to 1 m/s?, and then be
enlarged to 0.2g. The seismic loadings were applied to the
three-dimensional model along x-direction and y-direction.
The accelerations in x-direction and y-direction are the same;
the same data of EL Centro earthquake wave are applied. In
these calculations, the initial gravity induced stress field is
calculated before the seismic analysis. After the stress field
shows balance, the seismic loading will be applied. Then the
oblique direction of earthquake loading should be 45 degree
to the pipeline. Through computation the distribution of
seismic-induced excess pore water pressure p and radial
normal stress o, as well as shear stress 7,y along the pipeline
circumferential outer surface and circumferential normal
stress 0,9 along the pipeline circumferential inner surface are
examined in detail.

3. FINITE ELEMENT FORMULATION

3.1. Finite Element Formulations for the Seabed

Applying the Galerkin method to the Biot’s dynamic
consolidation governing equations, the finite element formu-
lation for a porous seabed under the finite element formula-
tion for a porous seabed under wave loading can be written
in the following coupled system:

|:I+At M, 0 t+AtU‘S t+At C, 0 t+ .
0 0| o t+At Kqu t+At K,(UQ 1+AL R
. t+At Kusus t+At Kusp HAtU - t+At Rus
0 —HAIKE,;) t+ALp Al R

P (16)
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where the matrix components are given by

z+AzMS :erwv(m) z+AtpS(m)z+AtH£ m)" z+AzH( )dz+At ( )

s U

(17)
| 1AL ( )t+AtH(m)T t+AtH(M)dz+sz(m)

s s

t+AtC ZJ N

(18)

t+AtK z jzw | AL 5) t+AtD (m) t+AtB(> )dt+At ( )
19)

ALK :ZJ.HNV('”) t+AzB£:n)TI( )t+AtH( )dt+At§ )
(20

t+AtK :_ZI/+A/ r+ALy, )t+AtH( m)" t+AtH( )dt+At ( )
21)

t+AtK1(Ui) :LZJ.HAIVS(’”) t+AtB£7m)T t+AtK§m) t+AtB£7m)dt+Atv£m)
" (22)

T
t+At R z J.zmz ( t+At ]t;AtSz(]m)(rn) j t+Atq(m)dt+AtSS]m)
(23)

AR Z_[Hmv(m) t+AtHL(,Sm)T 1+At fs(m)dt+AtV§m)

T
t+Ar (m)
t+At St (m) t+At g (m) yt+Ar _(m
+Zj’+“s(fm){ H“s j fs( )d SEFS)
m JS

24)

where US and P are soil nodal displacement and pore

pressure vectors, respectively. |\/|S and CS are soil mass

matrix and damping matrix, respectively. K is soil damping
coefficient. Dy is soil elastic constitutive matrix. fg and ¢

are load vectors. B, and B »

» are gradient matrices for the

displacement U P, respectively.

H, and Hp

U

¢ and pore pressure

are interpolation matrices for the displace-

ment US and pore pressure P , respectively.

3.2. Finite Element Formulations for the Pipeline

The standard Galerkin finite element discretization is
applied to the governing equation (7), and the finite element
formulation for the pipeline can be formed in the following
equations:
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t+AtM t+AlU’ +I+AIC t+AtU + t+AtK t+AtU

t+At
Ry

P

(25)

where

(+At _ t+Ar (m) ey (M) t+Acy (m) ge4Ac (m
Mp _ZJHA[VL”’) pI(D ) HM Hu d V( )

P P p
(26)
A~ it (m) e+t (m)' t+Aryy (m) Je+ar (m)

Cp=2Jin,m "y H,. H, d™ %y
27)

1+At _ 10t (M) t+Ar ~(m) 1408 m(m) {14A¢ (m
K pHp _ZJ.”A‘VIE”’) Bup DP Bup d vg )
(28)
t+At _ ity (m) e g (m) qevac, (m)

Rup - Z_l.t+Atv£]m) Hup fp d Vp

m
(29)
T
t+At (m)

1+At S (m) ) A (m) qt+Ar (m)

+z J‘HAtS(m) H u, fp d Sf]‘]
(30)

[I3% 1)

where the subscript “p” represents the properties of the pipe-

line; Up is the nodal displacement vector. Mp and Cp are

the mass and damping matrix, respectively. Kp is pipeline

damping coefficient. Dp is an elastic constitutive matrix.

fp is load vector. Bup

ment Up; and Hup

is gradient matrix for the displace-
is interpolation matrix for the dis-

placement U,

3.3. Numerical Procedure

In this study, Newmark- # method is used for the finite

element equations, the following final equations used for the
porous seabed and pipeline system can be obtained:

t+At t+At t+At t+At ]
Kuu, +ao "My +a,"C Kup {”A’US}
ugp

t+At K T t+At P

t+At 1 (1) A t+AE e (2)
Kpp At Kpp

t+At R;i

s

= (31
Y, t+Aty T ¢ t+Aty (1) ¢
At Rp+ Kusp U, + Kpp P_
(l‘+Al‘ Kupup + ao t+At Mp + al t+AZCP) Z+AIU t+A[Rd
(32)

In which
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t+At pd t+At t+At t ] t
Rus = Rus + Ms (“0 US +Cl2 Us +a3 Uc)
+t+AtCS(a1 ‘U, +a,'U, +as IUS)
(33)
t+Atpyd  _ t+AL t+At t 0] i
RS =""MR, +""M ()", +a,'U, 44U, )

t+At t n] 10
+ Cp(al U,+a4 U, +as Up)

(34)
where
1 p 1 1
aAn=—7"=> Q4 =—> A =—> =——1>
0 alt? 1™ ot 27 ant a3 2a
ay :ﬁ_l, as = At ﬁ_l . In  general, when
a 2a

ﬂZO.S,a20.25(0.5+ﬂ)2, the Newmark.g method is

non-conditional stable. According to calculation experience,
we make =05, g>06, which can satisfy

@>025(05+8)

3.4. Verification

Since experimental data for the 3D seismic-seabed-pipe
interaction was not available until now and the previous the-
oretical investigations have been limited to two-dimension
cases, one of the possible verifications of the present model
could be the comparison against previous analytical solution
without pipeline [18], through the reduction of the present
model.

A comparative example between the present model with-
out the pipeline and previous analytical solution [18] is illus-
trated in Fig. (3) for a sandy seabed. The figure clearly
shows that the numerical results agree with the analytical
solutions reasonably, the general trends of both are consis-
tent.

Table 1. Input Data for Parametric Study
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I —m—numerical results
26 —x— analytical solution
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Fig. (3). Vertical distribution of seismic-induced excess pore pres-
sure versus seabed depth z.

4. RESULTS AND DISCUSSIONS

The input data for soil and pipeline characteristics in this
section is tabulated in Table 1. In the local polar coordinates,
the origin point is the center of pipeline, the definition of is
shown in Fig. (4). In this section, the distribution of seismic-
induced excess pore water pressure (p) and radial normal
stress (o, ) as well as shear stress (t,¢ ) along the pipeline
circumferential outer surface and circumferential normal
stress oyy along the pipeline circumferential inner surface
under different soil characteristics and pipeline configura-
tions are discussed by using finite element program
DYNE3WAC. As concentration of stresses is expected, local
refinement of the finite element mesh in the region near the
pipeline has always been taken into account. To improve the
accuracy of the solution, two different mesh systems are
used for the model. As shown in Fig. (4), this kind of mesh
has been used for tackling the problem around a pipe-like
structure [19].

Seabed Characteristics

Pipeline Characteristics

Seabed length(1) 75(m) Buried depth of pipeline(b) 1.0(m)
Seabed thickness(h) 15(m) Pipeline outer diameter(D) 1.0(m)
Seabed width(s) 10(m) Pipeline thickness(t,) 0.20(m)
Modulus of deformation(Ey) 7x10"(N/m?) Young’s modulus(E,) 3.0x10"°(N/m?)
Permeability(ks) 1.0x10°(m/s) Density(p,) 2100(kg/m’)
Density(ps) 1700(kg/m®) Poisson ratio(v,) 0.30
Poisson ratio(vs) 0.30 The seismic loading characteristics
Porosity(n) 0.40 Seismic wave name EL Centro
Degree of saturation(S;) 1.0 Oblique direction to pipeline 45°
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4.1. Effects of Soil Permeability

It is important to examine the effect of various soil per-
meability on the excess pore pressure of seabed around sub-
marine pipeline and internal stress of pipeline under three-
dimensional condition, the cases of different permeability
coefficient & =1x107 m/s, 1x10° m/s, 1x10* m/s and
1x10”° m/s have been computed. As represented in Fig. (5),
as the soil permeability coefficient decreases, the excess pore
pressure of seabed around submarine pipeline increases ob-
viously but radial normal stress o, as well as shear stress 7,
along the pipeline circumferential outer surface and circum-
ferential normal stress o,y along the pipeline circumferential
inner surface change slightly. It can be concluded that soil
permeability has obvious influence on the seismic-induced
excess pore pressure. Small reduction of permeability coeffi-
cient leads to significant increment of accumulative excess
pore pressure of seabed. Therefore, using coarse material of
high permeability is a feasible method to cover the layers to
avoid seabed liquefaction. It also can be seen that some ex-
treme values or turning points of excess pore pressure and
internal stress of pipeline occur at some special point of
pipeline, such as 30°, 90°, 150° et al. The submarine pipe-
line should be reinforced at these points.
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Fig. (4). Finite element layout in the vicinity of the pipeline.

4.2. Effects of Seabed Depth

To investigate the effect of various seabed depth on the
excess pore pressure of seabed around submarine pipeline
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Fig. (5). Distributions of the seismic-induced excess pore water pressure p and radial normal stress oy, as well as shear stress 7, along the
pipeline circumferential outer surface and circumferential normal stress o, along the pipeline circumferential inner surface with different soil

permeability coefficient.
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and internal stress of pipeline under three-dimensional condi-
tion, different seabed depth cases of # = 15 m, 20 m and 30
m have been considered. From Fig. (6), it can be concluded
that the excess pore pressure of seabed around submarine
pipeline and internal stresses of submarine pipeline decrease
gradually as the seabed depths increase. Because submarine
pipeline is buried in a shallow depth of seabed, the deeper
the seabed is, the further submarine pipeline is closer to the
seismic hypocenter, the bigger the seismic responses are. It
also can be seen that some extreme values or turning points
of excess pore pressure and internal stress of pipeline occur
at some special point of pipeline.

4.3. Effects of Pipeline Radius

Fig. (7) indicates that the distributions of the seismic-
induced excess pore water pressure p and radial normal
stress oy, as well as shear stress 7, along the pipeline cir-
cumferential outer surface and circumferential normal stress
oy along the pipeline circumferential inner surface with var-
ious pipeline radii R = 0.5 m, 1.0 m and 1.5 m. It is also ob-
served from the Fig. (7) that four stresses increase on the
whole with the pipeline radius increasing, but the excess
pore pressure of seabed around submarine pipeline does not
increase obviously. Radial normal stress o, decreases slight-
ly in upper part of pipeline (0°<£<180°) but increases obvi-
ously in lower part of pipeline (180°<#<360°) with the pipe-
line radius increasing. The reasons may be that increasing
radius of the pipeline reduces the z-coordinate in the upper
regions of submarine pipeline, but increases the z-coordinate
in the lower regions of submarine pipeline. Shear stress 7,
along the pipeline circumferential outer surface and circum-
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ferential normal stress oy along the pipeline circumferential
inner surface increase obviously at majority points, particu-
larly at special points.

4.4. Effects of Burial Depth

The effects of various values of burial depth b (b = 1m,
2m and 3m) on the distributions of the seismic-induced ex-
cess pore water pressure p and radial normal stress o, as
well as shear stress 7, along the pipeline circumferential
outer surface and circumferential normal stress o, along the
pipeline circumferential inner surface are examined in
Fig. (8). From Fig. (8) it can be concluded that four stresses
increase regularly as the burial depth increases. The same
reasons as above, increasing burial depths of the pipeline
makes the z-coordinates of seabed and submarine pipeline
increase, therefore the excess of pore pressure and internal
stresses all increase. The burial depths of submarine pipeline
have remarkable effect on excess pore pressure and internal
stresses.

5. CONCLUSIONS

The main contribution of this paper is to establish a
three-dimensional model including buried pipeline based on
the existing DYNE3WAC models. The effects of pipeline
geometry and soil characteristics on the seismic-induced
excess pore pressure of the seabed and internal stresses of
submarine pipeline are discussed through the numerical
model presented. Through numerical computations, the fol-
lowing conclusions can be drawn:

1) The effect of permeability coefficient of soil on seismic-
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Fig. (6). Distributions of the seismic-induced excess pore water pressure p and radial normal stress oy, as well as shear stress 7, along the
pipeline circumferential outer surface and circumferential normal stress o,y along the pipeline circumferential inner surface with different

seabed depth.
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Fig. (7). Distributions of the seismic-induced excess pore water pressure p and radial normal stress oy, as well as shear stress 7, along the
pipeline circumferential outer surface and circumferential normal stress o,y along the pipeline circumferential inner surface with different

radius of the pipeline.
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Fig. (8). Distributions of the seismic-induced excess pore water pressure p and radial normal stress oy, as well as shear stress 7, along the
pipeline circumferential outer surface and circumferential normal stress o, along the pipeline circumferential inner surface with different

pipeline burial depth.

induced excess pore pressure of seabed and internal
stresses of submarine pipeline is remarkable. Using
coarse material of high permeability is a feasible method
to cover the layers to avoid seabed liquefaction.

2) Seabed depth, pipeline radius and burial depth of pipe-
line have some influence on excess pore pressure of
seabed and internal stresses of submarine pipeline.

3) Some extreme values or turning points of excess pore
pressure and internal stress of pipeline occur at some
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special point of pipeline, such as 30°, 90°, 150° et al.
Submarine pipeline should be reinforced at these points.
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