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In this work, novel multiresolution random field models are integrated with coupled hydromechanical finite
element simulations to model dynamic responses of heterogeneous seabed with embedded pipeline subjected to
nonlinear wave-induced loadings. The heterogeneous properties of the seabed are characterized and modeled as
spatially correlated random variables. A conditional sequential simulation technique is implemented and mul-
tiresolution random field realizations of heterogeneous properties are generated. The effects of spatially cor-
related seabed properties on the characteristic hydromechanical responses are analyzed in details through va-

lidated hydromechanical finite element simulations. Statistics and associated uncertainties of system response
are obtained with recourse to Monte Carlo simulations. The relations between the inherent heterogeneities and
uncertainties in the system responses are derived. Findings of this study are shown to have important im-
plications for probabilistic engineering designs.

1. Introduction

Design of submarine infrastructure, such as embedded pipelines,
require the understanding and the ability to predict the behavior of
submarine infrastructure and the surrounding seabed subjected to
wave-induced loadings. The influence of the wave loading on em-
bedded pipelines is mainly characterized by two aspects. First, the
dynamic wave loading induces oscillatory excess pore pressure within
the porous seabed, which directly results in oscillatory stresses and
deformations within the embedded pipeline. Second, the excess pore
pressure built-up during the propagation of dynamic waves may lead to
transient liquefaction of the seabed soil (Tsui and Helfrich, 1983; Ye,
2012), which causes the loss of loading bearing capacity of the soil
around the pipeline. Therefore, when it comes for an engineer to design
the pipeline, it is of particular importance to predict the wave-induced
dynamic responses and quantities of interest such as the excess pore
pressure, the stress, and deformation in the pipeline and the extent of
liquefaction.

Modeling the wave-induced hydromechanical responses of the
seabed-pipeline system necessitates the integration of multiple models
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that account for the nonlinear wave-induced loading, the inherent
heterogeneities of the seabed, the interaction between fluid diffusion
and solid deformation within the porous seabed and the stresses and
deformations within the pipeline. In simplified models, the pipeline was
treated as a rigid body or elastic solid while the surrounding seabed was
assumed to be a homogeneous, isotropic and elastic media (Cheng and
Liu, 1986; Magda, 1997; Jeng and Cheng, 2000; Jeng et al., 2001; Zhao
et al., 2016a). However, natural seabed sediments are usually formed
from a vertical consolidation process under overburden pressure
coming from self-weight and wave loading. This process may result in
significant cross-anisotropy and depth-dependency in seabed proper-
ties. For example, the permeability of seabed is found to decrease with
depth as a result of decreasing porosity of the seabed due to the con-
solidation process (Seymour et al., 1996).

The seabed cross-anisotropy can be described by assuming different
material properties along the vertical and horizontal directions
(Gatmiri, 1992; Jeng, 1997; Kitano and Mase, 1999; Jeng and Lin,
1999, 2000a; Wang et al., 2000; Zhou et al., 2014; Zhao et al., 2016b).
Some early work used the finite element method or developed analy-
tical solutions to study the effects of cross-anisotropy on the wave-
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induced seabed response (Gatmiri, 1992; Jeng, 1997; Kitano and Mase,
1999; Jeng and Lin, 2000a). Later, the wave-induced soil response
around a buried pipeline was investigated in (Jeng and Lin, 1999; Wang
et al., 2000) using two-dimensional finite element models. The wave-
seabed-pipeline framework is then extended to a dynamic hydro-
mechanical problem by Zhou et al. (2014) with the consideration of soil
skeleton accelerations, and Zhao et al. (2016b) further elaborated this
framework by incorporating an elasto-plastic seabed model. Among
these works on studying wave-seabed-pipeline behavior, it is found that
the effect of anisotropic soil behavior was more apparent near the
bottom of the pipe than at the top of the pipe (Wang et al., 2000), and
liquefaction was more likely to occur in anisotropic soils than in iso-
tropic soils, especially in the vicinity of a pipeline (Zhao et al., 2016b).

To consider the depth-dependent seabed parameters, one approach
is to divide the seabed into a number of sub-layers with finite thickness
and assign uniform permeability, porosity and shear modulus for each
sub-layer (Hsu et al., 1995; Zhou et al., 2011, 2013; Ulker, 2012).
Another approach is to describe the seabed parameters using con-
tinuous depth-dependent functions (Jeng and Seymour, 1997; Jeng and
Lin, 2000b; Jeng, 2001; Gao et al., 2003). For instance, four different
types of analytical function for depth-dependent hydraulic conductivity
were proposed in (Jeng and Seymour, 1997). The effects of depth-de-
pendent seabed parameters on the wave-seabed-pipeline behavior were
analyzed through analytical and numerical models in recent works
(Zhou et al., 2011, 2013; Jeng and Lin, 2000b; Jeng, 2001; Gao et al.,
2003).

In addition to the cross-anisotropy and depth-dependency char-
acteristics of the seabed, inherent heterogeneities also exist in the
seabed due to its deposition processes (Goff et al., 2004, 2008; Veloso
et al., 2016). The previously mentioned models for anisotropy or depth-
dependency may not necessarily capture the effects of seabed hetero-
geneities and the modeling results are only deterministic in nature.
Though without consideration of any submarine structure, the work of
Zhang et al. (2016) is among the first efforts to consider the omnidir-
ectional spatial variability of the seabed, where the soil properties in
the field were considered to consist of two parts, a trend component and
a residual term that exhibits spatial correlation. Random fields of
seabed properties were generated and coupled with finite element
models to simulate responses of the seabed. In a recent work by Peng
et al. (2017), the effects of cross-correlation of the seabed soil proper-
ties on wave-induced oscillatory seabed response were studied and it
was found that multiple correlated random properties would lead to
greater uncertainties in the excess pore pressure. While the effects of
spatial variability on seabed response have been studied previously, its
effects on the embedded pipeline and implications on probabilistic
engineering design have not been addressed yet.

In this work, a framework accounting for the inherent hetero-
geneities of a porous seabed and the coupled hydromechanical behavior
is presented to model the wave-induced dynamic responses of a het-
erogeneous seabed-pipeline system. Details of the dynamic hydro-
mechanical problem formulation are presented in Section 2. A multi-
resolution random field model is developed in Section 3 to characterize
and generate spatially correlated, heterogeneous and anisotropic
seabed fields, which will be coupled and implemented into a multi-
physics finite element model (Section 4). In Section 5, Monte Carlo si-
mulations will be performed to investigate the impact of heterogeneous
seabed on the hydromechanical responses of the system and the im-
plications on probabilistic engineering design.

1.1. Formulation of the dynamic hydromechanical coupled problem

The problem considered in this work is a dynamic hydromechanical
problem, where the wave propagates over a heterogeneous porous
seabed with an embedded submarine pipeline (Fig. 1). The problem is
treated as a plane strain problem, where the dimension of the pipeline
in the y-direction is much larger and its deformation along y-direction is
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Fig. 1. A schematic diagram of the dynamic hydromechanical coupled problem.

neglected. The seabed is modeled as a poroelastic material while the
embedded pipeline is modeled as an elastic solid.

2.1. Balance laws

The balance laws of porous seabed consist of two sets of partial
differential equations (PDESs), i.e., the balance of mass equation and the
balance of linear momentum equation. In deriving the balance of mass
equation, both the compressibility of the pore fluid and the degree of
saturation of the porous seabed are accounted for. The final form of the
balance of mass equation is written as

V-(K-Vp) — ¢fpfgﬁ§—€ + o V(K@) — pgVv =0 a
where K is the hydraulic conductivity tensor of the seabed; p is the
excess pore pressure; ¢, and ¢, are the volume fractions of the solid
skeleton and void (including gas and fluid), respectively; o, is the in-
trinsic mass density of the fluid; g is the gravitational acceleration; a
and v are the acceleration and velocity, respectively. The parameter 3
accounts for both the compressibility of the pore fluid and the degree of
saturation of the porous seabed and is given as
L1-S
Pro

1
B=r
f @
where S, is the degree of saturation; k; is the bulk modulus of the fluid
and py, is the static pore pressure.
The balance of linear momentum equation of the porous seabed is

given as

V.o’ — Vp + pb = pa 3)

where o’ is the effective stress of the porous seabed; p is the excess pore
pressure; b is the body force; p = ¢, + ¢,y is the equivalent density of
the porous seabed with g and p; being the intrinsic mass density of the
fluid and solid, respectively.

For the embedded pipeline, the balance of linear momentum
equation is given as

V.o +pb=pa @

where o is the total stress of the pipeline and for single phase (solid)
material, o = o’ with o’ being the effective stress; p, is the mass density
of the pipeline. Perfect bonding is assumed between the pipeline and
seabed.

2.2. Constitutive relations

Elastic constitutive relations are assumed for both the seabed solid
skeleton and the pipeline. Based on the generalized Hooke's law

)]

where, for the plane strain problem considered, the effective stress in
Voigt notation is given as o’ = {0y, 0y, 0y;}" and the strain is given as

' =ce
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& = {0, £ Exg)' - It should be emphasized that, for the porous seabed,
o' = o — pé, and for the solid pipeline, o’ = . c is the elastic modulus
given as

206 11—, Vs,p 0
=P Vs, 1- Vs 0
T —2m,) P P
0 0 1 -2y, 6)

where G is the shear modulus and v is the Poisson's ratio; the subscript
‘s’ corresponds to the seabed skeleton and ‘p’ corresponds to the pipe-
line. While elastic constitutive relations assumed for its simplicity and
computational efficiency, their limitations should also be noted. The
elastic models cannot capture permanent deformations of the marine
soils or the pipeline. More advanced elastoplasticity model would need
to be implemented for this purpose, which typically involves additional
model parameters that need to be calibrated and is generally compu-
tational expensive.

2.3. Wave-induced nonlinear loading on the seabed

In general, the wave characteristic will be changed due to the in-
teraction between the wave and the seabed. For deeper water, however,
such interaction can be neglected. In this work, the change of wave
characteristics is assumed to be negligible. Therefore, the vertical ef-
fective stress oy, and the shear stress o,, induced by the wave on the
seabed boundary can be neglected (Yamamoto and Suzuki, 1980). The
wave-induced loading is applied on the seabed boundary as a time-
varying pore pressure function p, (f) with t being time as follows

oL =0,=0, p=p,H) atz=0 @

The cyclic variation of pore pressure is estimated by an analytic
formulation of wave pressure on the seabed surface (Zhou et al., 2013).
Generally, Stokes wave theory is of direct practical use for waves on
intermediate and deep water. According to the first-order Stokes wave,
the dynamic variation of wave pressure p, (¢) is (Zhou et al., 2013)

X 1 X
t) = p, cos| 27> — wt | = —p,g cosh~}(27zd/L cos(27‘r7 - cut)
Py () = p, ( I ) SPr8 ( ) I ®
where d is the water depth; L and H are the wavelength and height,
respectively; w is the angular frequency of the wave; and p, denotes the
amplitude of the wave pressure at the seabed surface.

2.4. Transient liquefaction criteria

Dynamic loading of ocean wave could induce oscillatory excess pore
pressure within the porous seabed, which leads to oscillatory effective
stress and liquefaction of the seabed. When the marine soil liquefies, it
loses its load bearing capacity and behaves as a viscous liquid, poten-
tially causing damages to the embedded infrastructure. Therefore, li-
quefaction of seabed under dynamic wave loading is an important as-
pect that will be analyzed. In this work, the transient liquefaction
criterion is adopted as follows (Zen and Yamazaki, 1990a, 1990b)

—(—7)z+p () —p<O 9)

where p, (t) is the dynamic wave pressure defined in Eq. (8) and p is the
excess pore pressure in the seabed. This criterion is simple in form and
has a direct physical interpretation that the seabed will liquefy if the
upward seepage force can overcome the effective self-weight of the
overburdened soil.

To quantify and compare the extent of liquefaction, previous works
have recourse to the maximum depth of liquefaction (Jeng and Cheng,
2000; Zhou et al., 2013). However, the maximum depth of liquefaction
gives only limited information regarding the extent of liquefaction.
Moreover, when heterogeneity of seabed is accounted for, the lique-
faction area boundary profile can be tortuous. In this work, a new
parameter indicating the area ratio of liquefaction is proposed to
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Fig. 2. The schematic diagram of the domain of influence (colored in light blue)
of seabed soil liquefaction. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

quantify and compare the liquefaction extent. The parameter is defined
as the ratio of the area of liquefaction to the total area of the domain of
influence, which is taken as five times the diameter of the pipeline and
is illustrated in Fig. 2. The choice of five times is based on a preliminary
investigation of the excess pore pressure built-up around the pipeline
when the wave propagates and it was found that the domain of five
times the diameter approximately covers the area of the most excess
pore pressure built-up, especially in the vertical direction.

3. Multiresolution random field characterization of the
heterogeneous seabed

Inherent heterogeneities, i.e., those resulting from fluctuations in
material properties such as hydraulic conductivity or shear modulus,
exist in natural geological materials, including the marine soil. In this
section, a multiresolution random field is presented to characterize and
model the inherent heterogeneities in the porous seabed. The random
field model will then be coupled with multiphysics finite element model
(Section 4) and Monte Carlo simulations to analyze the impact of in-
herent heterogeneities on the seabed-pipeline system response.

3.1. Characterization of anisotropic spatial dependency

Seabed properties generally exhibit variation with space and such
variation is spatially correlated or dependent, which is typically at-
tributed to the deposition process of the seabed. In this study, the
spatial dependency is described using a form of covariance known as
the semivariogram, y (h), which is equal to half the variance of the
difference of two random variables separated by a vector distance h

1
y(h) = EVar[Z(x) —Z(x+ h)] 10)
where Z (x) is a Gaussian random variable at location x with x = {u, w}
being the location vector. The vector h accounts for both the separation
distance and the orientation of two points in the random field. In the
actual implementation, a simplified scalar measure h is typically de-
fined

- (i

\j Ox 6,
where h, and h, are the scalar component of the vector h along the
field's principal axes x and z, respectively; scalar quantities 6, and 6,
specify how quickly spatial dependence decreases along those axes. By
skewing the ratio of 6, and 6,, anisotropic random fields can be gen-
erated, which is particularly useful for modeling heterogeneous seabed
properties that typically exhibit anisotropy as will be shown in the
example section.

In practice, various analytical semivariogram models and their
linear combinations are typically fitted to an empirical semivariogram
that is calculated from field data. Examples of commonly used

(1)
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analytical semivariogram models include the nugget effect model, the
linear model, the spherical model, the exponential model and the
Gaussian model (Goovaerts, 1997). The specific model form can be
inferred from available field data or assumed based on expert knowl-
edge. For marine deposit, studies and data on the spatial variability of
its properties are relatively limited. In (Valdez-Llamas et al., 2003), the
spatial variability of the cohesive soft soil thickness and the water
content of a marine soil are found to be exponential. In several other
studies that consider the randomness of marine soils, the exponential
correlation structure is also used (e.g. (Zhang et al., 2016; Peng et al.,
2017; Lloret-Cabot et al., 2014),). While there lacks sufficient data or
clear evidence pointing to a specific spatial structure, an exponential
model is assumed in this work to illustrate the proposed framework. It
should be noted that whenever there are sufficient field data, the spe-
cific spatial correlation structure can always be inferred. The expression
of the adopted exponential model is

y(h) =1 — exp(=h) 12)

3.2. Multiresolution random field and conditional simulation algorithm

Given the spatial correlation model and a specified or inferred
probability distribution function for the random variable, a conditional
sequential simulation algorithm is implemented in this work to gen-
erate random field realizations of material properties. This algorithm is
particularly valuable for the multiresolution random field utilized in
this study, where a higher resolution field is desired around the area
adjacent to the embedded pipeline (see illustration in Fig. 3). With this
algorithm, one can simply add additional random field data points
wherever and whenever is necessary during the simulation process,
conditional upon all previously simulated data and as the need arises.
An additional advantage of this algorithm is that it allows real data
points to be incorporated and preserved in the generated random field
(e.g. (Chen et al., 2015; Liu et al., 2017),).

Denote Z, as a vector of all known and previously simulated points
in the random field and denote Z, as the next point to be simulated, the
sequential simulation process can be illustrated by the joint distribution
(Chen et al., 2012)

AR AN
Zp ’ Zpn Zpp

where ~ N (u, X) denotes the vector of random variables following a
joint normal distribution with the mean vector p and the covariance
matrix X; o7 is the prior variance of the next simulated point; Znps Zpn
and Z,, are the covariance matrices, where the subscripts ‘n’ and ‘p’
represent ‘next’ (as in next point to be simulated) and ‘previous’ (as in

all previously simulated points), respectively. The covariance matrices
are obtained by

13)

COV(Z, Z] = pyorq; "

where p; is the correlation between random variables Z; and Z; with

-6

Fig. 3. A schematic illustration of the multiresolution random filed. The
property shown is the seabed hydraulic conductivity in log10 scale.
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standard deviations of o; and oj, respectively. The correlation p is related
to the semivariogram defined in Eq. (10) through

p()=1-y(h)

where h is the scalar distance given in Eq. (11).

Using the joint distribution Eq. (13), the distribution of Z, condi-
tional upon all previously simulated data is given by a univariate
normal distribution with the updated mean and variance as (Chen et al.,
2012)

(15)

(Zn|Zy = 2) ~ N (ZnpZ 52, Of — ZnpZpp Zpn)

np* % pp (16)

where the lowercase z represents the vector of simulated values; other
terms have been defined after Eq. (13).

The conditional simulation starts with a single realization of a
standard normal variable. Then, all subsequent realizations are condi-
tional upon all previous simulations. Following Eq. (16), once simu-
lated, Z, becomes a data point in the vector Z, to be conditioned upon
by all subsequent data locations. This process is repeated by following a
random path to each unknown location until all the values in the field
have been simulated.

It should be noted that the spatial dependence and the conditional
simulation algorithm introduced above are for variables having a
Gaussian distribution. For non-Gaussian distributions, the inference of
spatial structure is recommended to be performed on transformed data
using a normal score mapping (Goovaerts, 1997). Such normal score
mapping is a common practice in many applications of geostatistics and
has previously been shown to preserve the prescribed spatial structure
for lognormally distributed variables in various applications (Chen
et al., 2012; Baker et al., 2011; Wang et al., 2017; Wang and Chen,
2017).

The above described random field models are implemented in
Matlab and will be coupled with the multiphysics finite element model
described in Section 4 to simulate dynamic responses of the hetero-
geneous seabed with an embedded pipeline. Fig. 3 is a schematic il-
lustration of the multiresolution random field, where higher resolution
random field is generated around the embedded pipeline.

3.3. Statistical and spatial characteristics of seabed properties

In the context of the hydromechanical coupled problem formulated
in Section 2, seabed properties of interest include hydraulic con-
ductivity, porosity, density, elastic properties (e.g., shear modulus,
Young's modulus). Among them, hydraulic conductivity, porosity, and
shear modulus are often considered as the primary parameters influ-
encing the hydromechanical responses of the seabed (Zhang et al.,
2016; Jeng, 2012). Hydraulic conductivity and porosity can be con-
sidered dependent on each other, e.g., through the Kozeny-Carman
relationship and the fact that hydraulic conductivity can be related to
the intrinsic permeability of the porous media. Hence, in this study,
only hydraulic conductivity and shear modulus will be treated as spa-
tially correlated random variables. Impact of the heterogeneous hy-
draulic conductivity and shear modulus fields will be analyzed through
multiphysics finite element simulations.

Statistical and spatial characterizations of seabed properties are
difficult to obtain due to very limited field data of marine soil. Table 1
summarizes some examples of seabed properties from previous research
on marine soils.

In this work, statistical and spatial characteristics of the random
field variables, in particular, the coefficient of variation (COV) and the
correlation length parameters (6., 6,), are chosen based on prior re-
searches and parametric studies will also be conducted to evaluate the
influence of statistical and spatial parameters. Both the shear modulus
and hydraulic conductivity are assumed to follow lognormal distribu-
tions in this work. While there lacks clear evidence pointing to a spe-
cific probability distribution of seabed properties, one condition that
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Table 1
Statistical and spatial characteristics of marine soils from previous research.
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Parameter

Statistical and spatial characteristics

Location and Reference

0.3~6.1 x 10" *m/s

2.3 x 107 °m/s

Mean: 10~ —510"®m/s

Mean: 8.9 X 10~ *m/s

COV: 60% ~ 200%

Vertical correlation: 0.8~1.6 m
Horizontal correlation: 4.8 ~12.8 m
Mean: 1.0 ~6.0 MPa

Mean: 22 ~31 MPa

Mean: 15.5~207 MPa

COV: 15% ~95%

Vertical correlation: 0.5~3.0m
Horizontal correlation: 10 ~40 m

Mean:
Mean:

Hydraulic conductivity K

Shear modulus G;

Fort Walton Beach, Florida (Bennett et al., 2002; Schock, 2004)
East sea, China (Wu et al., 2015)

Saga, Japan (Shen et al., 2015)

Sau Mau Ping, Hong Kong (Zhang et al., 2004, 2016)
Sau Mau Ping, Hong Kong (Zhang et al., 2004, 2016)
Columbus, Mississippi (Rehfeldt et al., 1992)

Columbus, Mississippi (Rehfeldt et al., 1992)

Mississippi River Delta (Yamamoto and Torii, 1986)
Genova Harbour (Grasso et al., 2012)

Key Biscayne, Florida (Trevorrow and Yamamoto, 1991)
Recommendation by (Phoon and Kulhawy, 1999a)
Recommendation by (Jiang et al., 2014)
Recommendation by (Jiang et al., 2014)

has to be satisfied is for the probability density function to have a non-
negative lower bound. To this end, the lognormal distribution is widely
used to describe soil properties. Experimental data for shear modulus
and hydraulic conductivity are usually found to follow a lognormal
distribution (e.g. (Phoon and Kulhawy, 1999b; Baecher and Christian,
2005; Carsel and Parrish, 1988),). The lognormal distribution was also
used for seabed properties in a recent study (Zhang et al., 2016). Ani-
sotropy of the random field will be realized by skewing the ratio of the
scalar parameter 6, and 6, in Eq. (11).

4. Multiphysics finite element model

In this section, details of the multiphysics finite element im-
plementation are presented. The finite element model will be coupled
with the multiresolution random field model described in Section 3 to
simulate the dynamic response of a heterogeneous seabed-pipeline
system.

4.1. Numerical implementation

The COMSOL Multiphysics software is used to implement the hy-
dromechanical problem formulated in Section 2 and to simulate dy-
namic responses of a heterogeneous seabed-pipeline system. One ad-
vantage of using COMSOL in this study is that, through its LiveLink for
Matlab interface, the COMSOL solver can be integrated with the random
field code implemented in Matlab. This convenient interface between
multiphysics finite element solver and random field code allows run-
ning many instances of Monte Carlo simulations needed to study the
impact of heterogeneous seabed on the system responses.

The governing equations, i.e., PDEs, are implemented in COMSOL
through its General Form PDE mode. Substituting the constitutive laws
Egs. (5) and (6) for porous seabed and solid pipeline into their corre-
sponding balance laws Egs. (1), (3) and (4), and using small strain
displacement relations, the implemented governing equations for the
porous seabed are written as

o’p op op o ou ow
* 32 +K; Fr ¢fpfgﬁ§ = _pf% Kxa + Kz&
253
P85\ ox an
dp o%u u  du ( )
= —p + G|+ o |+ + pb,
ox P 3 (62x 62z) 1- ZVS P
18
op 0w w  w 1 3 (6u 6w)
Lo+ Gl | —Ge | =+ + pb,
. o S(azx 621) 1— 2y, “oz\ax " 8z )" °
19

where u and w are the horizontal (x) and vertical (z) component of the
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displacement vector; p is the excess pore pressure; K, and K, are the x
and z components of the hydraulic conductivity tensor; G is the shear
modulus of the seabed; v; is the Poisson's ratio; & is the volume fraction
of the void; p, is the intrinsic mass density of the fluid; p is the
equivalent density of the porous seabed; g is the gravitational accel-
eration; 3 is given in Eq. (2); b, and b, are the x and z components of the
body force.

Similarly, the governing equations for the pipeline can be derived
and are written as

%u %u  du 1 d(du ow
“agi a5 5] aalio &) van o
(20)
ow ow - w 1 d(du dow
_ppﬁ+Gp(E+E)+m pa(g+ az)+ppb =0
(21)

where G, is the shear modulus of the pipeline; v, is the Poisson's ratio; o,
is the density of the pipeline.

In addition to governing equations, the dynamic wave pressure
equation Eq. (8) is also implemented in COMSOL as a user-defined
boundary condition. Once the governing equations and boundary
conditions are implemented, solutions u, w and p will be obtained
through the COMSOL multiphysics solver.

4.2. Model validation - pipeline in a homogeneous seabed

Before coupling the implemented COMSOL multiphysics model with
the multiresolution random field model, the multiphysics model is first
validated using experimental data reported in (Turcotte et al., 1984).
The experiments have a similar setup to the schematic diagram shown
in Fig. 1. The seabed is simulated using a sediment bay with a PVC pipe
inside it simulating the buried pipeline. The seabed-pipeline system is
then placed in a large wave tank, which can stimulate waves of specific
characteristics. Most of the material properties of the seabed have been
previously calibrated and reported in (Cheng and Liu, 1986) except
water characteristics and mass density of seabed, which are reported in
(Zhou et al., 2013). The properties of the PVC pipe from (Rajani et al.,
1996) are used in the validation. Model geometry, wave, seabed and
pipeline characteristic are all summarized in Table 2.

Numerical solutions of the normalized excess pore pressure around
the pipeline are obtained using the multiphysics model and then com-
pared against the data measured in physical experiments from (Turcotte
et al., 1984). The comparisons are plotted in Fig. 4. It can be seen that
results from numerical simulations and physical experiments are in
reasonable agreements. The numerical model is able to correctly cap-
ture the response of the seabed-pipeline system.
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Table 2

Model parameters and material properties for validation test; ¢ and ? indicate
two test cases, each with different wave characteristics as reported in (Turcotte
et al., 1984).

Wave characteristics

Wave height (H) 0.0524% 0.143”  Water depth (d) 0.533 (m)
(m)
Wave period (T) 0.9% 1.75° (s) Wavelength (L) 1.25% 3.54°
(m)
Water characteristics
Mass density (o;) 1000 (kg/m>) Bulk modulus (k) 2 x10°
(MPa)

Seabed characteristics

Seabed thickness (h) 0.826 (m) Mass density (p) 1400 (kg/m>)
Seabed length (1) 4.57 (m) Shear modulus (Gy) 0.64 (MPa)
Poisson's ratio (vs) 0.33 Hydraulic 0.0011 (m/s)
conductivity (K)
Porosity (n) 0.42 Degree of saturation 0.95
S»
Pipeline characteristics
Shear modulus (G,) 790 (MPa) Mass density(p,) 1450 (kg/m>)
Thickness (t,) 0.02 (m) Outer diameter (D,) 0.168 (m)
Poisson's ratio (v,) 0.42 Buried depth (e) 0.167 (m)

Table 3

Boundary conditions of the example problem. The wave pressure p,(t) is the
wave-induced loading defined by Eq. (8). Note that the degrees of freedom of
the porous seabed are denoted as u,, ws and p, and degrees of freedom of the
pipeline are denoted as u, and w,.

Boundary Fluid flow Elasticity

Topz=0 Wave pressure py(t) free: ozz = 0, 0y = 0
lateral x = * 50 no flux ¢ = 0 roller u; = 0

pipe and seabed interface impermeable Us = Up, Vs =Vp
bottom z = —30 no flux g =0 fixed ug =v; =0

4.3. Model setup - pipeline in a heterogeneous seabed

In this section, the multiphysics model is coupled with the multi-
resolution random field model to simulate the response of a pipeline
embedded in a heterogeneous seabed. The model domain (Fig. 5) is
100 m wide and 30 m deep. A pipeline, 2.0 m in diameter and 0.2 m in
thickness, is horizontally centered in the seabed and buried 4.0 m below
the seabed surface. A wave with 6.0 m in height (H) and 70.93m in
length (L) is generated following Eq. (8). The seabed domain is set to be
slightly wider than one full wavelength so that a full wave-induced
loading can be modeled. The depth of the seabed (30 m) is about five
times the wave height, where the wave-induced effects on the seabed
become negligible.

Boundary conditions of the model problem are summarized in

N

o Turcotte (1984)
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Fig. 5. The sketch of the model geometry (unit: m). The boundary conditions

are given in Table 3.

Table 4

Input parameters for the hydromechanical coupled problem.

mean value.

* indicates the

Wave characteristics

Wave height (H) 6 (m)
Wave period (T) 8 (s)
Water characteristics
Mass density (o;) 1000 (kg/m®)

Seabed characteristics

Seabed thickness 30 (m)
)

Seabed length (1) 100 (m)

Poisson's ratio (vy) 0.4

Porosity (n) 0.4

Water depth (d)
Wavelength (L)

Bulk modulus (kg

Mass density (p)

Shear modulus™ (G;)
Hydraulic
conductivity* (K)
Degree of saturation

5 (m)
70.93 (m)

2 x 10% (MPa)

1400 (kg/m>)

10 (MPa)
5.0 x 10~ (m/
s)

0.99

)

Pipeline characteristics

Shear modulus (G,) 6.8 X 10* Mass density (pp) 2700 (kg/m%)
(MPa)

Thickness (t,) 0.2 (m) Outer diameter (D,) 2.0 (m)

Poisson's ratio (v,) 0.32 Buried depth (e) 4.0 (m)

Table 3.

The input model parameters and material properties are summar-
ized in Table 4. Those parameters are chosen based on prior knowledge
from literature (Table 1) and the author's previous experience (Zhou
et al., 2013, 2014). In (Jeng and Cheng, 1999), pipeline diameters
ranging from 1 to 3 m and burial depths ranging from 1.5 to 4 m were
investigated in the case study. The geometry and burial depth are
known to significantly influence the distribution of the pore pressure
(Jeng and Lin, 1999; Jeng and Cheng, 1999). The choice of pipeline
geometry and burial depth will depend on specific applications. The
water depth and wave characteristic values are taken from a previous
study (Zhou et al., 2013) and correspond to the case of waves in shallow
water. For the hydraulic conductivity K and shear modulus G; of the
porous seabed, as discussed in Section 3, they are treated as spatially
correlated random variables and modeled through multiresolution

-
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o
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o
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o
)

o Turcotte (1984) |
— Present result

Normlized excess pore pressure

0 L L L L
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6 (degree)
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Fig. 4. Validation of the multiphysics model with the experimental data available from (Turcotte et al., 1984). The excess pore pressure is normalized by the
amplitude of the wave pressure at the seabed surface p, and 6 is the angle of the measurement point counterclockwise from the horizontal direction.
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Fig. 6. The four meshes used in the mesh sensitivity analysis. h,

random field models.

4.4. Mesh sensitivity analysis

The implemented multiphysics finite element will be coupled with
random field models to study responses and associated uncertainties of
a heterogeneous seabed-pipeline system using Monte Carlo simulations.
This requires a large number of simulations. An extremely fine finite
element, though more accurate, may be computationally too expensive
for such purpose. To this end, a mesh sensitivity analysis is first carried
out to obtain an optimal mesh to be used for the following Monte Carlo
simulations.

To ensure sufficient resolution and accuracy of solutions around the
embedded pipeline, a relatively fine discretization is used by enforcing
80 nodes around the pipeline circumference. The mesh sensitivity
analysis is carried out by changing the maximum element size h, in the
domain. As h, increases, the total number of elements in the domain
decreases. Note that when the maximum element size h, is sufficiently
large, the total number of elements will not change as much due to the
fact that an extremely fine resolution is enforced around the pipeline.
Fig. 6 shows four different finite element meshes and Table 5 sum-
marizes the total number of elements and runtime for each mesh.

The performance of different meshes is evaluated by extracting and
comparing quantities of interest, in particular, the excess pore pressure
in the seabed, the von Mises stress in the pipeline, the vertical dis-
placement at the top of the pipeline and the area ratio of transient li-
quefaction. Fig. 7 summarizes the mesh sensitivity study results. Based
on the mesh sensitivity results and considering the trade-off between
runtime and accuracy, the mesh with h, = 5 is selected for the fol-
lowing Monte Carlo simulations and the results will be presented and
discussed in Section 5.

4.5. Convergence of Monte Carlo simulations

To study the impact of material heterogeneities and associated un-
certainties on the seabed-pipeline system, a sufficient number of Monte
Carlo simulations is needed. Fig. 8 shows the variations of mean and
coefficient of variation (COV) of displacement at the top of the pipeline

Table 5

Summary of mesh sensitivity analysis. * Simulations are performed on a
workstation using a single core of an Intel Xeon(R) CPU E3-1241 v3 @ 3.5 GHz
with 8 Gb RAM.

R, (m) Number of elements runtime* (s)
1 24596 170.08

2 13049 75.06

5 8937 72.52

10 8256 69.66

562

(d) he=10m (8256 elements)

indicates the maximum element size in the problem domain.

and the maximum von Mises stress in the pipeline with the number of
Monte Carlo simulations. It can be observed that 1000 Monte Carlo
simulations are sufficient for the given example problem and will be
used in the numerical analysis and discussions.

5. Numerical results and discussions

In this section, numerical results of the coupled multiresolution
random field and multiphysics finite element simulations are presented.
Effects of heterogeneous seabed properties and wave-induced loading
on the dynamic responses of the system will be analyzed in details. The
hydraulic conductivity and shear modulus of the seabed are treated as
spatially correlated but statistically independent random variables.
Three parameters, i.e., the coefficient of variance (COV), the horizontal
and vertical correlation length parameters (6, 6,) are the three main
random field parameters controlling the heterogeneous attributes of the
seabed. Parametric studies of these parameters will also be conducted
to understand and quantify their influence on system responses. Other
input parameters for the model have been summarized in Table 4.

5.1. Effects of spatially correlated hydraulic conductivity fields

For the heterogeneous spatially correlated hydraulic conductivity
fields, the three main random parameters are set at COV = 2.5,
6y = 20 m and 6, = 1 m considering ranges summarized in Table 1. The
mean of the hydraulic conductivity field is 5 x 10 *m/s and a log-
normal distribution is assumed. 1000 Monte Carlo simulations are
performed to assess the effects and the associated uncertainties.

A typical realization of the heterogeneous hydraulic conductivity
field and the corresponding hydromechanical responses (i.e., displace-
ments and excess pore pressure distribution) at a particular time
(t = 45s) are shown in Fig. 9. The random field realization clearly shows
layered profiles in the horizontal direction, consistent with the high
ratio of 6,/6,. The excess pore pressure peaks near the surface and de-
creases with depth as expected. Displacement profiles show that there is
not much horizontal displacement around the pipeline but the vertical
displacement is relatively large.

As for the response of the pipeline, a particular quantity of interest is
the stress in the pipeline. Fig. 10 shows the von Mises stress in the
pipeline at time t = 2, 4 s corresponding to the heterogeneous hydraulic
conductivity field shown in Fig. 9(a). It can be seen that the maximum
von Mises stress is located around the inner surface of the pipeline and
the distribution is not symmetric due to the heterogeneous nature of the
surrounding seabed.

To quantify the effects and associated uncertainties of the hetero-
geneous hydraulic conductivity fields on the hydromechanical re-
sponses of the seabed-pipeline system, characteristic responses of the
system are extracted and calculated based on 1000 Monte Carlo simu-
lations. These responses include the maximum von Mises stress in the
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Fig. 7. Comparison of simulation results obtained with different meshes. The excess pore pressure is normalized by the amplitude of the wave pressure at the seabed
surface po. VM in the y-axis stands for von Mises. Note that these figures share the same legend.

pipeline, the vertical displacement at the top of the pipeline, the excess
pore pressure along a vertical line cut through the center of the pipeline
and the area ratio of liquefaction defined by Eq. (9). For comparison,
results of a homogeneous field with a hydraulic conductivity value
equal to the mean of the heterogeneous field are also included. The
results are plotted and grouped in Fig. 11. It is interesting to see that,
even with a very large COV in the hydraulic conductivity field, the
quantities evaluated from heterogeneous model do not deviate as much
from the corresponding homogeneous model. For instance, the vertical
displacement curves shown in Fig. 11(b) almost coincide with each
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other. The influences of the heterogeneous hydraulic conductivity fields
on the maximum von Mises stress in the pipeline and the area ratio of
liquefaction are more noticeable but still relatively insignificant. Si-
milar observations have been made in a previous study (Zhang et al.,
2016) that the spatially varying hydraulic conductivity fields do not
significantly affect the hydromechanical response of the seabed, though
no embedded pipeline was included in the previous study.
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Fig. 8. Convergence of Monte Carlo simulations to the statistics of system responses of interest.
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Fig. 9. A typical random field realization of the hydraulic conductivity field and the corresponding hydromechanical responses at time t = 4s. The hydraulic
conductivity field is plotted in log10 scale and the excess pore pressure is normalized by the amplitude of the wave pressure at seabed surface p,.

5.2. Sensitivity analysis of hydraulic conductivity

To gain more insights into the effects of hydraulic conductivity on
the hydromechanical response of the seabed-pipeline system, a sensi-
tivity analysis is conducted. The sensitivity analysis is carried out using
homogeneous models, each with a constant hydraulic conductivity
field. A wider range of hydraulic conductivity values, ranging from
5x 10" °m/s to 5 X 10~ 2m/s, is considered.

The characteristic responses, in terms of the maximum von Mises
stress in the pipeline, the maximum vertical displacement in the seabed
and the area ratio of liquefaction, are summarized in Fig. 12. All these
responses exhibit no noticeable variations at low hydraulic con-
ductivity, from 5 X 10" ®to 5 x 10~ *m/s. In particular, the maximum
von Mises stress in the pipeline and the maximum vertical displacement
at the top of the pipeline are insensitive to varying hydraulic con-
ductivity values. For hydraulic conductivity higher than 5 x 10~ *m/s,
the area ratio of liquefaction reduces significantly with the increasing
hydraulic conductivity, due to the fact that a higher hydraulic con-
ductivity increases the dissipation rate of excess pore pressure. When
heterogeneous hydraulic conductivity fields are introduced, a certain
area in the seabed would possess high hydraulic conductivity, which
would affect the pore pressure and furthermore the area ratio of li-
quefaction in that local area. However, the global effects of the het-
erogeneous hydraulic conductivity fields would be relatively small due
to space averaging effect. It is consistent with the aforementioned dis-
cussion that the influences of the heterogeneous hydraulic conductivity
fields on the area ratio of liquefaction is more noticeable, but still re-
latively insignificant. Overall, in the example problem where an
average value 5 x 10”*m/s of the hydraulic conductivity is con-
sidered, its spatial variability effects on hydromechanical response are

1
0.8
0.6
0.4
0.2
0

(@t=2s

relatively insignificant.

5.3. Effects of spatially correlated shear modulus fields

For the heterogeneous spatially correlated shear modulus field, the
following parameters are used considering ranges of those parameters
summarized in Table 1: the three main random parameters are set at
COV =0.3, 6,=20m and 6, = 1 m. Parametric studies on these
parameters will be presented in a subsequent section. The mean of the
shear modulus is 10 MPa and a lognormal distribution is assumed. As in
the case of the heterogeneous hydraulic conductivity fields, a total of
1000 Monte Carlo simulations are performed to assess the impacts of
the heterogeneous shear modulus fields and the associated un-
certainties.

A typical realization of the heterogeneous shear modulus field and
the corresponding hydromechanical responses (i.e., displacements and
excess pore pressure distribution) at a particular time (t = 4s) are
shown in Fig. 13. As in the previous hydraulic conductivity case, the
random field shows layered profiles due to the specified anisotropy by
skewing the ratio of 6, and 6, in Eq. (11).

Fig. 14 shows the von Mises stress in the pipeline at time t = 2, 4s
corresponding to the heterogeneous shear modulus field. The inner
surface of the pipeline is predicted to experience the maximum von
Mises stress. The locations of the maximum von Mises stress are further
away from the vertical and horizontal symmetric lines due to the in-
fluence of surrounding heterogeneous soils.

Based on the results of 1000 Monte Carlo simulations, characteristic
responses of the system are shown in Fig. 15. It can be seen that, even
with a smaller COV (0.3 in the shear modulus compared to 2.5 in the
hydraulic conductivity case), responses of the system are greatly

1

0.8
0.6
0.4
0.2

(b)t=4s

Fig. 10. Distribution of von Mises stress (in MPa) in the pipeline for seabed with heterogeneous hydraulic conductivities. Solid grey lines indicate the original shape

of the pipeline. The deformation is scaled by a factor of 1000.
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Fig. 11. Characteristic responses of the seabed-pipe-
line system with heterogeneous hydraulic con-
ductivity field. The associated uncertainties are ex-
pressed in terms of 90% confident intervals (CI). (a)
the maximum von Mises stress in the pipeline; (b) the
vertical displacement at the top of the pipeline; (c)
the excess pore pressure along a vertical line cut
through the pipeline; and (d) the area ratio of li-

—— Homogeneous model

quefaction around the pipeline.
Lower bound of 90% CI

- - -Upper bound of 90% CI

4 6 8

Time (s)

(b) Vertical displacement

s 2 0.02
o —— Homogeneous model
= Lower bound of 90% CI B
1) L - - -Upper bound of 90% CI < 0.01F
» 1.5 I
2 5
@ E ol
[0] 8]
(2]
g E -0.01
% 8
505 ©
g E -0.02 ¢
[0
e
& 0 : -0.03
0 2 4 6 8 0 2
Time (s)
(a) Maximum von Mises
0r - T 0.5
1
5 S04f
£ :
E.0 k5
% §_0.3 r
5-15 5
S 202
820 ©
N
—— Homogeneous model g 0.1
-25 Lower bound of 90% CI <
- - -Upper bound of 90% CI

&
S
o

—— Homogeneous model

- - -Upper bound of 90% ClI| |

Lower bound of 90% CI

'
-

-0.8 -0.6 -0.4 -0.2 0
Normalized pore pressure

(c) Excess pore pressure

affected. For instance, Fig. 15(c) shows that, even at a deep depth
(z = 30m), the excess pore pressure generated by the heterogeneous
fields is almost twice of the homogeneous counterpart. As for the von
Mises stresses and vertical displacement, impacts of heterogeneous
shear modulus fields are also more significant compared to the hy-
draulic conductivity fields.

5.4. Parametric study of the shear modulus coefficient of variation

In the first parametric study, the random parameter COV of the
shear modulus field is set with the following values: 0.15, 0.3, 0.45, 0.6,
0.75, and the other two random parameters 6, = 20m, 6, = 1 m are
kept constant. The mean of the shear modulus field is 10 MPa. For each
set of random parameters, 1000 Monte Carlo simulations are per-
formed, resulting in a total of 5000 Monte Carlo simulations.

Fig. 16 shows the statistics of the characteristic hydromechanical
responses, including the maximum von Mises stress in the pipeline, the
vertical displacement at the top of the pipeline, and the area ratio of
liquefaction around the pipeline. The uncertainties of these character-
istic responses, quantified in terms of their COV, are all observed to be
increasing with the increasing coefficient of variance of the shear

Time (s)

(d) Area ratio of liquefaction

moduli, as shown in Fig. 16(d), (e) and (f). It is consistent to common
engineering perception that, if considering hydromechanical responses
as model outputs and the shear moduli property as model inputs, the
uncertainty of the model outputs would be positively correlated to the
uncertainty of the model inputs. A similar phenomenon was observed in
(Griffiths and Fenton, 2001; Griffiths et al., 2002), where the un-
certainty of the bearing capacity increases with the increasing un-
certainty in input soil parameters. It is interesting to note that, within
the examined range of COVs in the shear modulus field, the un-
certainties of the characteristic responses of the system increase
monotonously and almost linearly with the increasing uncertainty of
the shear modulus field.

The relations between the mean of the characteristic responses and
the COVs in shear modulus field are shown in Fig. 16(a), (b) and (c). It
is observed that the mean von Mises stress and the mean vertical dis-
placement are increasing with the increasing uncertainty of the shear
moduli, but the area ratio of liquefaction around the pipeline actually
decreases with the increasing uncertainty in the shear modulus field.
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Fig. 12. The sensitivity of the characteristic responses of the seabed-pipeline system to the hydraulic conductivity: (a) the maximum von Mises stress in the pipeline,
(b) the maximum vertical displacement in the seabed, and (c) the area ratio of liquefaction around the pipeline.
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Fig. 13. A typical random field realization of the shear modulus field and the corresponding hydromechanical responses at time t = 4 s. The hydraulic conductivity
field is plotted in log10 scale and excess pore pressure is normalized by the amplitude of the wave pressure at the seabed surface p,.

5.5. Parametric study of the shear modulus spatial correlations

In the second parametric study, the shear modulus horizontal spatial
correlation length 6, is set with the following values: 2, 4, 10, 20, 40,
100 m. The vertical spatial correlation length is varied accordingly by
keeping a constant ratio of 6,/6, = 20. The COV of the shear modulus
field is kept constant at 0.3. The mean of the shear modulus field is
10 MPa. Example realizations of shear modulus fields with different
horizontal spatial correlation lengths are shown in Fig. 17. As expected,
when the spatial correlation length approaches zero, the soil property
tends to be spatially independent, i.e. the soil property at any position is
a random variable itself and will not be affected by the value of its
neighboring position. As the correlation length approaches a very large
value (compared to the domain size), the seabed becomes more of a
multi-layered field, where the seabed properties vary as random vari-
ables within each layer.

Again, 1000 Monte Carlo simulations are performed for each set of
random field parameters. Characteristic hydromechanical responses of
the seabed-pipeline system, i.e., the maximum von Mises stress in the
pipeline, the vertical displacement at the top of the pipeline, and the
area ratio of liquefaction, are evaluated and examined. The statistics of
these responses are summarized in Fig. 18. It can be seen that there are
no significant changes in the mean of these responses within the con-
sidered wide range of the horizontal spatial correlation length, as
shown in Fig. 18(a), (b), and Fig. 18(c). This indicates that, for the
given example problem, the spatial correlation length has a negligible
influence on the mean values of the hydromechanical response. The
uncertainties of these responses are observed to increase and then reach
a plateau with the increasing spatial correlation length, as can be ob-
served in Fig. 18(d), (e), and Fig. 18(f). As discussed at the beginning of
this subsection, a spatially independent field of the shear moduli would

@ t=2s

evolve as the spatial correlation length approaches zero. Due to space
averaging effect, the characteristic responses of such heterogeneous
model would eventually approximate to that of a homogeneous model.

5.6. Implications of the inherent seabed heterogeneities on engineering
design

Findings from the above analysis using the proposed framework
have significant implications for the engineering design of submarine
pipelines. The dynamic responses of the seabed-pipeline system are
probabilistic in nature due to the inherent heterogeneities. The tradi-
tional design based on a homogeneous model of seabed could lead to
unsafe designs. The obtained statistics of the characteristic hydro-
mechanical responses can be utilized to inform and improve en-
gineering design. To illustrate this point, the probability of insufficient
design will be calculated based on Monte Carlo simulations. Here, an
insufficient design is defined as a design case when the maximum von
Mises stress in the pipeline evaluated from a heterogeneous model is
higher than its value evaluated from a corresponding homogeneous
model multiplied by a factor of safety. The probability of insufficient
design is calculated as

Py = P(o}" > (o/°™FS)) (22)

het hom

where Py denotes the probability of insufficient design; 0,/ and ,/°" are
the maximum von Mises stress in the pipeline evaluated from the het-
erogeneous model and the homogeneous model, respectively; FS is the
factor of safety in design. This definition of insufficient design is mo-
tivated by the consideration that, if an engineer refers to the maximum
von Mises stress evaluated from a homogeneous model as the basis
pipeline design, there is a probability that such design is insufficient to

carry the actual load even with a chosen factor of safety.
— 1

@ ‘ |
—— 0

(b)t=4s

Fig. 14. Distribution of von Mises stress (in MPa) in the pipeline for seabed with heterogeneous shear moduli. Solid grey lines indicate the original shape of the

pipeline. The deformation is scaled by a factor of 1000.
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Fig. 19 summarizes the probability of insufficient design with dif-
ferent factors of safety (FS) for a range of shear modulus COV and
spatial correlation length values. Based on the definition in Eq. (22), the
probability of insufficient design is a fixed number for a given set of
Monte Carlo simulations (1000 in this study for each set of COV in shear
modulus or spatial correlation length). This probability value may vary
for a different number of Monte Carlo simulations. Since in this study
the number of Monte Carlo simulations are set to 1000 based on the
convergence results shown in Fig. 8, the COVs of the insufficient design
probabilities do not need to be calculated.

Similar trends are observed in Fig. 19(a) for all FS > 1.0, i.e., the
probability of insufficient design increases with the increasing COV.
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Fig. 15. Characteristic responses of the seabed-pipe-
line system with heterogeneous shear modulus field.
The associated uncertainties are expressed in terms of
90% confident intervals (CI). (a) the maximum von
Mises stress in the pipeline; (b) the vertical dis-
placement at the top of the pipeline; (c) the excess
pore pressure along a vertical line cut through the
pipeline; and (d) the area ratio of liquefaction around
the pipeline.

Take the case of FS = 1.4 as an example, the probability of insufficient
design is close to zero for low COV of shear modulus field and it rises up
to almost 12% if the COV increases to 0.75. The results indicate that a
higher safety factor would be required if the seabed shear modulus is of
high spatial variability. The relation between the probability of in-
sufficient design and the spatial correlation length in Fig. 19(b) shows a
similar trend. However, for the given factor of safety FS = 1.4, the
probability of insufficient design remains relatively small within the
wide ranges of spatial correlation length considered.
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Fig. 16. Statistics of the characteristic re-
sponses of the seabed-pipeline system as a
function shear modulus COV at time t = 4s:
mean of (a) the maximum von Mises (VM)
stress in pipeline, (b) the vertical displace-
ment at the top of the pipeline, (c) the area
ratio of liquefaction around the pipeline,
and the COV of (d) the maximum von Mises
stress in pipeline, (e) the vertical displace-
ment at the top of the pipeline, (f) the area
ratio of liquefaction around the pipeline.
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Fig. 19. Probabilities of insufficient design as function of the shear modulus field random parameter (a) COV and (b) horizontal spatial correlation length. Each point

on the curve is evaluated using results from 1000 Monte Carlo simulations.

6. Conclusion

In this paper, the wave-induced dynamic responses of the seabed
and embedded pipeline system are modeled, with the consideration of
multiresolution heterogeneous seabed property fields and coupled hy-
dromechanical simulations. The analysis model is first validated with
experimental data of a pipeline embedded in homogeneous seabed se-
diment. The numerical model is able to correctly capture the response
of the seabed-pipeline system. Then, the effects of heterogeneous hy-
draulic conductivity fields and heterogeneous shear moduli fields on
the characteristic responses of the system are analyzed in details.
Parametric studies on the effect of varying random parameters are also
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conducted. The statistics of the characteristic system responses are
obtained from Monte Carlo simulations, which could be further utilized
in informing engineering design. The main findings of this work are
concluded as follows:

. The characteristic responses of the pipeline, including the von Mises
stress and displacement at the top are found to be insensitive to the
spatially correlated hydraulic conductivity fields. The effects of
hydraulic conductivity variability on the area ratio of liquefaction is
more noticeable.

. The spatial variability of seabed shear moduli has significant effects
on the characteristic responses of the seabed-pipeline system. The
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von Mises stress and displacement in the pipeline and the area ratio
of liquefaction area around the pipeline can be significantly un-
derestimated if a homogeneous model is used.

3. The uncertainty of the characteristic responses monotonously and
almost linearly increases with the increasing COV of shear modulus
field. And uncertainty of the characteristic responses firstly in-
creases and then reaches to plateau with the increasing spatial
correlation length of shear modulus field.

4. The statistics of the characteristic responses, obtained from Monte
Carlo simulations, can be further utilized to inform probabilistic
engineering design. For a given factor of safety, the probability of
insufficient design increases with the increasing variability in the
seabed properties.
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