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Submarine telecommunication cables are the physical backbone of the Internet. ,ey are often buried shallowly beneath seabed
and affected by seabed movements. Due to the long distance of cables and the complexity of submarine environment, interaction
between cables and seabed movements inevitably involves various parameter uncertainties. However, effects of parameter
uncertainties on submarine cable responses to seabed movements have not been fully investigated.,is paper aims to address this
problem using random finite element method (RFEM) that integrates finite element (FE) analysis with Monte Carlo simulation
(MCS). First, deterministic FE analysis is performed to investigate cable responses to lateral seabed movements. ,en MCS is
implemented to study the effects of parameter uncertainties on cable responses. Statistical analysis of theMCS results is performed
to prioritize the effects of parameter uncertainties on cable damage probability. Random field is also used to model spatial
variability of soil parameters. Effect of the correlation length on cable damage probability is investigated. ,e results show that
uncertainty of the anchored cable length La has the most significant effect on cable damage probability, while the effects of
uncertainties in soil friction angle ϕ and effective unit weight c′ are minor. Ignoring spatial variability of soil parameters may lead
to significant misjudgment of cable damage risk.

1. Introduction

,e Internet telecommunication is becoming indispensable
to people’s daily lives. Nowadays about 99% of Internet
telecommunication is transmitted via fiber-optic submarine
telecommunication cables, which have been the physical
backbone of the entire cyber world [1]. Submarine tele-
communication cables are often buried shallowly beneath
the seabed when they are near shore or placed directly on the
ocean floor in the deep sea. Submarine cables might undergo
self-burial in zones of high sediment accumulation [2].
Meanwhile, seabed movements induced by earthquakes
often occur near the boundaries of tectonic plates, which can
lead to structural damage of submarine telecommunication
cables, interfering in the transmission of Internet data and
impeding the economics of the related countries [3]. For

example, 22 submarine telecommunication cables were
reported broken during the 2006 Pingtung earthquake in
Taiwan, and 6 to 9 breaks were recorded during the 2010
Jiashian earthquake in Taiwan [4]. However, due to the long
transmitting distance of cables and complex ocean condi-
tions, the failure mechanism and reliability of submarine
cables subjected to earthquake-induced geohazards are still
unclear, which severely impedes the maintenance and
protection of international telecommunications.

Since seabed soil is the medium for connecting seismic
hazards with submarine telecommunication cables, under-
standing properties of seabed soil is necessary for assessment
of seabed movement effects on submarine cables. Uncer-
tainties are inevitably involved in the estimation of seabed
soil properties [5]. In addition, the uncertainties in seabed
geohazards (e.g., earthquake-induced fault displacement and
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ground movement direction) also need to be considered in
the assessment of seismic effects on buried structures. For
example, Cheng and Akkar [6] conducted probabilistic risk
assessment for the performance of continuous pipelines
subjected to permanent fault displacements. However, for
the problem of interaction between seabed movements and
submarine telecommunication cables, there is little research
on assessing the effect of involved parameters uncertainties
on cable responses.

,is paper aims to investigate the effects of parameter
uncertainties on submarine cable responses to lateral
seabed movements and evaluate cable damage probability.
It starts with the development of deterministic FE model
for simulating cable responses to a specific seabed move-
ment.,enMCS is implemented to analyze cable responses
considering parameter uncertainties. MCS results are an-
alyzed to prioritize the effects of various parameter un-
certainties on cable damage probability. Finally, the effect
of spatial variability of soil parameters on cables responses
is investigated.

2. Deterministic Finite Element Modeling of
Cable-Seabed Interaction

2.1. Modeling of Submarine Telecommunication Cables. A
submarine telecommunication cable is designed to protect
optical fibers from external impact and is responsible for
transmitting signals across oceans. Optical fibers are
usually confined in a steel tube and then reinforced by high-
strength steel wires. ,e exterior layer of the submarine
telecommunication cable is covered by waterproof and
corrosion-resistant materials, such as polyethylene (PE)
and polypropylene (PP). Based on optical fibers’ protection
types, submarine telecommunication cables are divided
into three categories: light weight (LW) cable, single-ar-
mored (SA) cable, and double-armored (DA) cable [7]. SA
and DA cables are produced by reinforcing the LW cable
with one-layer and two-layer helical steel wires, respec-
tively. A submarine telecommunication cable is manu-
factured with a designed cable breaking load (CBL), which
is the maximum tensile force a cable can withstand [8]. ,e
cable strain under CBL is the allowable cable strain εallo,
which is a critical parameter to judge whether or not the
cable will break. Note that CBL differs from the fiber-
breaking cable load, which will result in an instantaneous
fiber break [8]. ,is study focuses on the structural re-
sponse of cables; therefore only CBL is considered in the
following analysis.

,e precise modeling of the cross section configuration
of a telecommunication cable is rather complicated.
,erefore, the submarine cable is simplified as a continuous
beam element in FE analysis in this study, which consid-
erably reduces the computational cost and facilitates the
implementation of MCS in the following sections.,e cross
section with composite materials is simplified as an
equivalent cross section with an equivalent single material.
Consider, for example, the SA submarine cables produced
by Alcatel-Lucent (see Figure 1) [9]. ,e inner and outer
diameters (i.e., D1 and D2) are 1.9mm and 28mm,

respectively. ,e original cross section can be approxi-
mated by an equivalent homogeneous cross section with a
single material. ,e equivalent cross section has the same
inner and outer diameters as the original cross section. To
obtain the overall mechanical behavior of the submarine
cable, the equivalent Young’s modulus of the cable, Eequ, is
calculated as the ratio of the cable tensile stiffness over the
equivalent cross section area. ,e cable tensile stiffness can
be calculated as a sum of the tensile stiffnesses of all cable
components. ,e equivalent Young’s modulus of the SA
cable is estimated as follows: cable tensile stiffness/equiv-
alent cross section area � 38651 kN/613mm2 � 63.06GPa.
In addition, CBL for the SA cable is 280 kN based on the
manufacturer [9]. ,en, the allowable cable strain εallo is
calculated as 0.72%.

2.2. Interaction between Cables and Lateral Seabed
Movements. As shown in Figure 2, a submarine cable is
subjected to seabed movements with an intersection angle
(0°< β≤ 90°) between the seabed movement direction and
the cable axial direction. ,e length of cable considered in
the model is denoted as La, which represents the anchored
length between two anchor points (i.e., points B and D in
Figure 2). In engineering practice, submarine cables may
be subjected to bends or local constraints imposed by the
sliding of adjacent rocks or soils, resulting in some anchor
points along the cables. ,e cables are then fixed to the
seabed at the anchor points due to the increased axial
resistance of the sliding rocks or soils. ,e seabed offset, Δs,
can be projected into an axial component (i.e.,
ΔX �Δscos β) and a transverse horizontal component (i.e.,
ΔY �Δssin β). Cable responses to lateral seabed move-
ments are the combined effects of ΔX and ΔY. Loads are
imposed on the cable through the surrounding soil, which
involves the cable-soil interaction in axial and transverse
horizontal directions. Using the equivalent cable cross
section described in Figure 1, the cable-soil interaction in
this study is similar to pipe-soil interaction. As illustrated
in Figure 3, the force-displacement relationships of pipe-
soil interaction in the axial and transverse horizontal di-
rections may be represented using idealized elastoplastic
models (i.e., solid lines in Figure 3) [10]. ,e resistance
forces per unit length increase linearly as the displacement
increases, until they reach the maximum values tu and pu at
the displacements of xu/2 and yu/2, respectively. ,en the
resistance forces remain constant. Recent research shows
that the transverse soil resistance on offshore pipelines
partially embedded in soft clay tends to decrease gradually
after it reaches the peak value [11, 12]. ,is phenomenon
also occurs for pipelines buried in dense sand [13],
whereas, in medium sand condition, the peak and residual
resistances are nearly equal [14]. Since the medium sand
condition is considered in this study, the constant as-
sumption recommended by the ALA guidelines can pro-
vide a relatively safe estimation on postpeak structural
response [15] and is therefore adopted in this study. ,e
maximum axial and transverse horizontal resistance forces
(i.e., tu and pu, respectively) can be calculated as [10]
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tu �
π
2

Dc′H 1 + k0( tan(kϕ), (1)

pu � c′HNqhD, (2)

where D is the cable/pipe diameter; c′ is the effective unit
weight of soil; H is the depth of soil from the seabed surface
to the center of the cable/pipe; k0 is the coefficient of earth
pressure at rest; k is the reduction factor depending on the
outer surface characteristics and hardness of the cable/pipe;
ϕ is the soil friction angle; and Nqh is the horizontal bearing
capacity factor for sand. ,e recommended values of xu and

yu are as follows: xu � 3mm for dense sand or xu � 5mm for
loose sand; yu � 0.04 (H+D/2)≤ 0.10D to 0.15D [10].

2.3. Development of Finite Element Model. FE analysis is
widely used to investigate the interaction between buried
structures and surrounding soils [16–18]. In this study, a
simplified FE model is established using the commercial FE
software package ABAQUS (Version 6.13) [19] to investigate
the submarine cable response to a specific seabedmovement.
Figure 4 shows an illustrative model of submarine cable
responses to lateral seabedmovements.,e x-, y-, and z-axes
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Figure 2: Plan view of a submarine telecommunication cable subjected to lateral seabed movements.
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Figure 3: Force-displacement relationships of pipe-soil interaction in (a) axial and (b) transverse horizontal directions (modified after [10]).
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represent the axial, transverse horizontal, and transverse
vertical directions of the cable, respectively. Beam elements
are used to model the submarine cable. ,e cable-soil in-
teraction is simulated using pipe-soil interaction (PSI) el-
ements in ABAQUS, which are formulated according to the
ALA guidelines [10] and have been used in previous studies
for modeling the interaction between the pipe and sur-
rounding soil [20–23]. As shown in Figure 4, since the lateral
seabed movement occurs in a horizontal plan, the PSI el-
ements are characterized using soil springs along axial and
transverse horizontal directions to model different cable
responses to the axial and transverse horizontal soil
movements, respectively. ,e corresponding nonlinear
force-displacement relationships for the soil springs are
defined by the ALA guidelines (as shown in Figure 3) [10].
To simulate the lateral seabed movement, the axial and
transverse horizontal seabed offset components (i.e., ΔX and
ΔY in Figure 2, respectively) are imposed on the PSI ele-
ments simultaneously as boundary conditions. In addition,
since large rotations or bending deformations may be in-
duced on the cable near the crossing area of seabed
movements, the geometric nonlinearity is also considered in
the FE analysis. An element size of 0.1m is used in the
model. Mesh density sensitivity analysis shows that this
element size can produce reliable results with acceptable
computing cost.

Consider, for example, the SA submarine telecommuni-
cation cable described previously. ,e anchored cable length
La is assumed be 500m.,e cable is buried in soil at a depth of
H� 0.5m.,e effective soil unit weight c′ and critical friction
angle ϕ are 10.2 kN/m3 and 35°, respectively. ,e cable is
subjected to a seabed offset Δs of 4m.,e intersection angle β
between the cable axial direction and seabedmovement is 45°.
,e coefficient of earth pressure at rest k0 in equation (1) is
calculated as k0 �1− sinϕ� 0.43. Considering the relatively
smooth polypropylene surface of the cable, the reduction
factor k is estimated as 0.6 [10]. According to the design chart
of ASCE guidelines, the Nqh value is estimated as 22.8. ,en,
using equations (1) and (2), the maximum axial and trans-
verse horizontal resistance forces are calculated as tu � 123N/
m and pu � 3251N/m, respectively. xu and yu are estimated as
xu � 5mm and yu� 0.01D� 2.8mm, respectively. For this
case, the maximum cable strain εmax obtained from the FE is
0.66%, which is smaller than the allowable cable strain εallo
(i.e., 0.72%). It indicates that the cable is safe under the given
seabed movement.

2.4.Validationof theFEAnalysis. ,e effectiveness of FEM is
usually examined by comparison with model test results
[17, 24].,e developed FEmodel is validated by a large-scale
physical model test. ,e test is performed in a large-scale
split-box test apparatus at City University of Hong Kong
with internal dimensions of 5m× 1m× 1m
(length×width× height). One half of the box is secured to
the ground, and the other part can move along a certain
angle with respect to the longitudinal axis of the split-box.
,e submarine cable is installed in the center of the split-box
and displaced with an intersection angle of 70° between the
cable axial direction and soil displacement. For detailed
information about the physical model test, we refer the
reader to Fu [25].

Figure 5 shows the experimental and FE simulation
results by lines and open points, respectively, including the
cable axial strain, bending strain, and total strain. ,e total
strain is the sum of the axial strain and bending strain. Five
different soil displacements are simulated (i.e., Δs � 50, 100,
150, 200, and 220mm, respectively). Note that the cable is
damaged when Δs � 220mm. Measurement error and in-
stallation error are inevitable during the experiment. Be-
sides, the soil resistance and cable model in FEM are derived
and simplified based on previous studies. Consequently,
differences may exist between the experiment and FEM.
However, the orders of magnitude of bending strain from
FEM match relatively well with the experimental mea-
surements, both showing that the bending strain only
accounted for about 10% of the total strain. ,us, the dif-
ference between FEM and experimental results in bending
strain is regarded as acceptable in this study. Figure 5
suggests that the axial strain is predominant in the total
cable strain (see Figure 5(c)) and the axial and total strains
obtained from FE analysis are in reasonable agreement with
the experimental results. ,erefore, the developed FE model
predicts relatively well the cable strain induced by lateral
ground movements. Note that when the FE model is applied
to seabed soil, the submerged soil unit weight, instead of
total unit weight, is used to calculate axial and transverse
horizontal soil resistance forces as indicated by [11, 12].

3. Random Finite Element Model

3.1. Probabilistic Framework for Assessment of Parameter
Uncertainties. Figure 6 illustrates a random finite element
modeling framework that integrates FE analysis withMCS to
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Figure 4: Finite element model of submarine telecommunication cable responses to lateral seabed movements.
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assess the effects of parameter uncertainties. MCS relies on
repeatedly calculating a mathematical or empirical operator
in which the variables are random with prescribed proba-
bility distributions [26, 27]. It starts with characterization of
parameter uncertainties. ,e uncertain parameters for the
problem considered here involve the seabed offset Δs, in-
tersection angle β, anchored cable length La, soil critical
friction angle ϕ, effective unit weight c′, and cable burial
depth H. ,e uncertainties are characterized by their re-
spective probability distribution functions and associated

parameters. Subsequently, n0 sets of random samples are
generated with the aid of the commercial software MATLAB
[28]. For each set of random samples ofΔs, β, La, ϕ, c′, andH,
FE analysis is performed to investigate cable responses (i.e.,
maximum cable strain εmax). ,e FE results are extracted
using a user-defined python script. With the aid of MAT-
LAB, this process is repeated until all n0 sets of random
samples are used, leading to n0 sets of outputs (i.e., maxi-
mum cable strain εmax) obtained from MCS. Finally, a
statistical analysis of the output is performed, such as
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Figure 5: Comparison between finite element results and full-scale model test results: (a) axial strain; (b) bending strain; (c) total strain.
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characteristics of εmax distribution and effects of various
parameter uncertainties on cable damage probability. ,e
cable damage probability P(D) is estimated using the fol-
lowing equation:

P(D) �
nD

n0
, (3)

where nD is the number of damaged cable samples, in which
the maximum cable strain εmax induced by seabed move-
ments exceeds the allowable cable strain εallo.

3.2. Characterization of Parameter Uncertainties.
Probability distributions of various parameters need to be
determined for quantifying these uncertainties prior to
implementing MCS. ,e parameters are divided into three
groups: load parameters, soil parameters, and cable pa-
rameters. Load parameters include the seabed offset Δs, the
intersection angle β, and the anchored cable length La. Soil
parameters refer to the soil friction angle ϕ, the effective unit
weight c′, and the cable burial depth H. Cable parameters
include the cross section dimensions and the equivalent
Young’s modulus Eequ. Note that submarine cables are
designed and manufactured with quality control and as-
surance before deployment, and cable parameters are rea-
sonably regarded as constants. ,e SA cable described
previously is used here as an illustration example.

Table 1 summarizes all uncertain parameters (Δs, β, La, ϕ,
c′, and H) and their statistical characteristics considered in
this study. Since there is little information about prevailing
prior knowledge of parameters of Δs, β, and La on the site,

they are modeled using uniform distributions with pre-
scribed minimum and maximum values. For earthquake-
induced ground movements, Wells and Coppersmith [29]
compiled an observational database based on historical
earthquakes worldwide, according to whom the maximum
observational value of average surface displacements in-
duced by strike-slip faults is 8.0m with an earthquake
moment magnitude of 8.0. ,erefore, 8.0m is taken as the
maximum seabed offset Δs induced by earthquakes in this
study. ,e minimum value of Δs should be larger than zero.
,erefore, Δs is taken to follow a uniform distribution be-
tween 0m and 8.0m. ,e intersection angle β is taken to be
uniformly distributed over a large range from 5° to 90°. For
the anchored cable length, the maximum value La,max is
determined to make sure that there is no significant influ-
ence on the maximum cable strain if La is larger than La,max.
Considering the most unfavorable condition among the
possible seabed offsets Δs and intersection angles (i.e., Δs is
equal to the maximum value of 8.0m and β is equal to its
minim value of 5°), it is found that La,max � 2,000m is enough
to meet the requirement. ,us, the maximum value of La is
selected as 2,000m, and La starts from a very small value
(e.g., 1m). ,erefore, La is uniformly distributed between
1m and 2,000m.

For soil parameters, the effective friction angle ϕ and
effective unit weight c′ can be characterized using either
normal or lognormal distributions [26, 30]. In this study,
normal distributions are employed. ,e mean values of ϕ
and c′ are selected as 35° and 10.2 kN/m3, respectively. Both
coefficients of variation (COVs) of ϕ and c′ are estimated as
0.09. ,e adopted mean values and COVs are based on the
typical values reported in literature [31–33]. In general, the
cable burial depth H is less than 1m [2]. For illustration of
cable-soil interaction, the minimum value ofH is assumed to
be 0.1m beneath the seabed.,us, the cable burial depthH is
taken to follow a uniform distribution between 0.1m and
1m.

3.3. Monte Carlo Simulation. ,e MCS integrated with FE
analysis is preformed to evaluate effects of parameter un-
certainties on cable responses to lateral seabed movements.
Based on the generated random samples, the axial and
transverse horizontal soil resistances (i.e., tu and pu, re-
spectively) are calculated using equations (1) and (2). ,en,
the deterministic FE model is implemented for every MCS
sample. ,e maximum cable strain εmax is obtained from FE
analysis and used as an index to represent cable responses to
seabed movements. ,e uncertainties of various parameters
are reflected in the variation of εmax.

4. Results and Discussion

4.1. Sensitivity of MCS Numbers. ,e sensitivity of results to
the number of MCS samples is investigated. Figure 7 shows
the variation of the cable damage probability with the
number of MCS. As expected, simulation results converge to
a stable value as the number of simulation increases. It can be
seen that 10000 simulations are sufficient to give reliable and
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with FE analysis
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Generate n0 sets of random samples for each parameter 
according to the prescribed distributions, considering

(1) All uncertain parameters (i.e., Δs, β, La, ϕ, γ′, and H) as 
random variables (i.e., random variable approach) or
(2) Load parameters (i.e., Δs, β, and La) as random 
variables and soil parameters (i.e., ϕ, γ′, and H) as 

random fields (i.e., random field approach)

Figure 6: Probabilistic framework for assessment of parameter
uncertainties.
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reproducible results. ,erefore, 10000 sets of samples are
generated for each random variable. ,e histogram of the
maximum cable strain εmax obtained from the 10000 MCS
samples through FE analysis is presented in Figure 8. It
shows that more than 85% of the εmax values are distributed
between 0% and 1%. As εmax increases, the normalized
frequency of εmax decreases and tends to be zero. ,e al-
lowable cable strain εallo (i.e., 0.72%) is also plotted in
Figure 8.

Statistical analysis indicates that there are 2118 sets of
damaged MCS samples among the total 10000 samples.
According to equation (3), the cable damage probability is
calculated as 2118/10000� 21.18%. In other words, given the
various and complex submarine environments and pa-
rameter uncertainties involved in cable responses to seabed
movements, the majority (i.e., about 80%) of submarine
telecommunication cables are safe from the threat of seabed
movements. ,is is consistent with the fact that only a small
percentage of submarine telecommunication cables have
been damaged due to earthquake effects [2].

4.2. Hypothesis Test. To identify and prioritize the effect of
various parameter uncertainties on the probability of cable
damage, probabilistic failure analysis is performed using a
hypothesis test [34]. ,e effects of various parameter un-
certainties on the cable damage probability are prioritized by
statistically comparing damaged samples with their re-
spective nominal (unconditional) samples. If the mean of an

uncertain parameter has significant influence on the
probability of cable damage, the mean μ of damaged samples
of the parameter differs considerably from the mean μ0 of its
unconditional samples. A pair of statistical hypotheses (i.e., a
null hypothesis H0 and alternative hypothesis HA) are stated
as follows [34]:

H0: μ � μ0,

HA: μ≠ μ0.
(4)

,en, the hypothesis test statistic z of the Z-test is
formulated as [34]

z �
μ − μ0
σ/

�
n

√ , (5)

where σ is the standard deviation of the uncertain parameter
and n is the number of damaged samples. A large absolute
value of z means that the damaged sample mean μ0 deviates
significantly from the unconditional mean μ of the pa-
rameter. In such a case, parameter uncertainty has a sig-
nificant effect on cable damage probability. ,erefore, the
absolute value of z is taken as an index to measure the effects
of the uncertain parameters on cable damage probability and
furthermore to prioritize their relative effects on cable
damage probability [34].

Based on the damage MCS samples, the hypothesis test
statistic z defined in equation (5) is calculated. ,e calcu-
lation results of all uncertain parameters (i.e., Δs, β, La, ϕ, c′,
and H) are illustrated in Figure 9. It shows that the absolute

Table 1: Summary of uncertain parameters and their statistical characteristics.

Parameters Distribution∗

Load parameters
Seabed offset Δs Uniform distribution: 0m∼8m
Intersection angle β Uniform distribution: 5°∼90°
Anchored cable length La Uniform distribution: 1m∼2000m

Soil parameters
Effective friction angle ϕ Normal distribution: μϕ � 35°, COVϕ � 0.09
Effective unit weight c′ Normal distribution: μc’� 10.2 kN/m3, COVc’ � 0.09
Cable burial depth H Uniform distribution: 0.1m∼1m

∗μ and COV represent the mean value and the coefficient of variation, respectively.
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value of z reaches its maximum value of about 50 for the
anchored cable length La. ,e minimum z value is about 2
for the soil friction angle ϕ and effective unit weight c’. ,is
suggests that the uncertainty of La has the most significant
effect on the cable damage probability, while the effects of
uncertainties of ϕ, c′, and H are insignificant.

4.3. Bayesian Analysis. ,e effects of various parameter
uncertainties on the probability of cable damage can also be
quantified by statistically comparing damaged samples with
their respective nominal (unconditional) samples. If the
uncertainty of a parameter has a significant effect on cable
damage probability, the distribution of the parameter in
damaged samples (i.e., conditional distribution) should be
considerably different from its unconditional distribution.
In Bayes’ theorem, this is mathematically expressed as [26]

P(D | θ) �
P(θ | D)P(D)

P(θ)
, (6)

where θ denotes an uncertain parameter; P(D|θ) is the
conditional probability of cable damage for a given θ value;
P(D) is the cable damage probability that is directly obtained
by dividing the number of damaged samples by the total
number of MCS samples; P(θ|D) is the conditional proba-
bility of θ given that the cable has been damaged; and P(θ) is
the unconditional probability of θ.

Equation (6) implies that if P(θ|D) changes in a similar
manner to P(θ), P(D|θ) will be insensitive to θ. ,is means
that the uncertainty of parameter θ on cable damage
probability is minimal.,erefore, the difference between the
conditional probability distribution P(θ|D) and the un-
conditional probability P(θ) of an uncertain parameter re-
veals the influence of the uncertain parameter θ on cable
damage probability [34].

Figure 10 presents the comparison between the condi-
tional probability distributions of uncertain parameters (i.e.,
P(La|D), P(Δs|D), P(β|D), P(ϕ|D), P(c’|D), and P(H|D)) and
their unconditional probability distributions (i.e., P(La),
P(Δs), P(β), P(ϕ), P(c′), and P(H)). It indicates that the
conditional probability distributions of load parameters (i.e.,
P(La|D), P(Δs|D), and P(β|D)) differ significantly from their

unconditional probability distributions (i.e., P(La), P(Δs),
and P(β)) (see Figures 10(a)–10(c)). ,e difference between
P(La|D) and P(La) is the largest, which reflects the para-
mount importance of uncertainty of La for cable damage
probability. In contrast, there is only a slight difference
between the conditional and unconditional probability
distributions of soil parameter (i.e., ϕ, c′, and H) (see
Figures 10(d)–10(f )). ,is is reasonably consistent with the
results from the statistical hypothesis testing.

4.4. Effect of Spatial Variability. Soil properties (e.g., soil
friction angle ϕ and effective unit weight c′) may exhibit
spatial variability and correlation depending on the for-
mation process of soil, such as the properties of the parent
material, erosion of seawater, and the sedimentation con-
ditions. In addition, the cable burial depth H may vary in
space along the cable due to sediment accumulation or
submarine landslides [2].

To investigate the effect of spatial variability of ϕ, c′, and
H, they are modeled using random fields spatially varying
along the cable axial direction. An exponential correlation
function is used to model the correlation structure, and the
correlation coefficients of ϕ, c′, and H between locations i
and j are expressed as [35–37]

ρi,j � exp −
2Δl
λ

 , (7)

where λ is the correlation length or scale of fluctuation along
the horizontal direction and Δl is the separation distance
between locations i and j. ,e correlation length λ is used to
describe the spatial variability of a random field. A large λ
means that soil properties vary relatively slowly in space. In
other words, soil properties are highly correlated along a
spatial direction. In contrast, a small λ reflects that soil
properties fluctuate very rapidly in space. MCS samples of
random fields (i.e., ϕ, c′, and H) are generated using the
Karhunen–Loeve (K–L) expansion with prescribed proba-
bility distributions and correlation lengths, which is appli-
cable to both Gaussian and non-Gaussian random fields
[38, 39].

As suggested in the previous sections, the effects of
uncertainties in load parameters such as La, β, and Δs are
more significant than those of soil properties of ϕ, c′, andH.
However, once a seabed movement occurs, the values of Δs,
β, and La become somewhat certain, while ϕ, c′, and H may
exhibit spatial variability in space along the cable axial di-
rection. To further investigate the effect of the horizontal
correlation length λ of ϕ, c′, and H, two cases are compared
here as an example. ,e offset distance Δs is 4m in both
cases, and the intersection angle β and anchored length La
are 45° and 500m and and 50° and 400m, respectively, for
Cases 1 and 2, as listed in Table 2. As can be seen, Case 2
leads to a smaller axial displacementΔscosβ, but its anchored
length is shorter (see Figure 2). ,erefore, it is unsure which
case is the worse one. ,e values of ϕ, c′, andH are modeled
through random fields, while ϕ and c′ follow normal dis-
tributions.,emeans and COVs of ϕ and c′ are 35° and 0.09,
and 10.2 kN/m3 and 0.09, respectively. H is taken to follow a
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Figure 10: Conditional probability P (θ |D) for different θ: (a) θ� anchored cable length, La; (b) θ� seabed offset, ∆s; (c) θ� intersection
angle, β; (d) θ� soil friction angle, ϕ; (e) θ� effective soil unit weight, c’; (f ) θ� cable burial depth, H.
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uniform distribution with the minimum value of 0.1m and
maximum value of 1m.

According to the previous study [31], the horizontal
correlation length λ typically varies from 40m to 60m,
which is much larger than the vertical correlation length (i.e.,
2∼10m) due to the soil depositional history. ,erefore, the
horizontal correlation length λ here varies over a wide range,
including 0.1 (i.e., approximated as 0 for a mutually inde-
pendent case), 1, 10, 40, 100, 200, 1000, 10000, and
100,000m (i.e., approximated as ∞ for a fully correlated
case), respectively. ,e convergence of MCS results to the
number of simulations for the example Cases 1 and 2 is
examined using three different λ values (i.e., λ� 0.1, 100, and
100,000m). As shown in Figure 11, the cable damage
probability curves nearly become stable after 500 simula-
tions. ,is is considerably different from the results of
Section 4.1 (see Figure 7), in which all parameters are taken
as random variables. To further improve the precision and
consider the computing effort, 1000 simulations are used in
the following analysis, which can provide a reliable esti-
mation of the cable damage probability.

Figure 12 presents the variation of the mean and stan-
dard deviation of εmax with λ. As indicated, the mean of εmax
almost remains constant at about 0.68% for Case 1 and
0.76% for Case 2, while the standard deviation of εmax in-
creases slowly from about 0.01% to 0.07% for both cases
when λ increases from 0.1m to 100,000m. It also shows that

ignoring spatial correlation (i.e., λ� 0.1 in this study) leads to
underestimation of the standard deviation of εmax.

,e effect of spatial variability on the cable damage
probability is shown in Figure 13. For Case 1, the cable
damage probability increases steadily from 6% to 27% when
λ increases from 0.1 to 100,000m. In contrast, for Case 2, the
cable damage probability decreases from 100% to 68% when
λ increases from 0.1 to 100,000m. It suggests that the spatial
variability has a significant influence on the cable damage
probability. ,e assumption that the soil parameters (ϕ, c′,
and H) are fully correlated (i.e., the single random variable
approach) may lead to underestimation of cable damage
probability for cables that are about to fail or overestimation
for cables that are considered to have adequate safety.

,is phenomenon can be interpreted through the cu-
mulative distribution function (CDF) of εmax. Figure 14
illustrates CDFs of εmax for Cases 1 and 2 with λ� 10, 100,
and 1000m. Since the standard deviation of εmax increases
with λ (see Figure 12), the CDF curves become flat when λ
increases. For Case 1 with adequate safety, the allowable
strain εallo locates in the right tail of the CDF curve. As λ
increases, the probability of εmax smaller than εallo (i.e.,
undamaged samples) decreases gradually. In other words,
the number of undamaged samples in Case 1 decreases when
the correlation length λ increases. ,us, the damaged
samples and the cable damage probability increase as λ
increases. In contrast, for Case 2 in which the cable is about

Table 2: Parameters for investigating the effect of correlation length.

Parameters
Values

Case 1 Case 2
Seabed offset Δs (m) 4 4
Intersection angle β (°) 45 50
Anchored cable length La (m) 500 400
Effective friction angle ϕ (°) Normal distribution: μϕ � 35°, COVϕ � 0.09
Effective unit weight c’ (kN/m3) Normal distribution: μc’ � 10.2 kN/m3, COVc’ � 0.09
Cable burial depth H (m) Uniform distribution 0.1m∼1m
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Figure 11: Influence of the number of MCS for Case 1 and Case 2 with different λ.
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to fail, the value of εallo falls in the left tail of the CDF curve.
,is leads to the decrease of cable damage probability as λ
increases, as shown in Figure 13. Such an effect is similar to
the effect of spatial variability on the slope failure proba-
bility, as reported in the literature [40–43]. In summary, the
effect of correlation length depends on the safety status of
cables and the location of εallo on the CDF curve of εmax.

5. Summary and Conclusions

Using random finite element method, this paper con-
ducted a probabilistic analysis for assessment of param-
eter uncertainties on cable responses to lateral seabed
movements. A beam-on-spring FE model was developed

as a deterministic approach to investigate cable responses
to lateral seabed movements, and the uncertain param-
eters involved in FE analysis (i.e., seabed offset Δs, in-
tersection angle β, anchored cable length La, soil friction
angle ϕ, effective unit weight c′, and cable burial depth H)
were characterized with corresponding probability dis-
tributions according to their physical significance. ,en
MCS was implemented to investigate the effect of pa-
rameter uncertainties on submarine cable responses.
Subsequently, statistical hypothesis testing was performed
to identify and prioritize the effect of various parameter
uncertainties on the probability of cable damage. Finally,
effects of spatial variability of ϕ, c′, and H were also
explored. ,e concluding remarks can be summarized as
follows:
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of εmax.

0

20

40

60

80

100

Case 1
Case 2

10–1 100 101 102 103 104 105

Correlation length, λ (m)

Ca
bl

e d
am

ag
e p

ro
ba

bi
lit

y, 
P 

(D
) (

%
)

Figure 13: Effect of spatial variability on the cable damage
probability.

0

20

40

60

80

100

Cu
m

ul
at

iv
e d

ist
rib

ut
io

n 
fu

nc
tio

n 
(C

D
F)

 o
f ε

m
ax

 (%
)

0.5 0.6 0.7 0.8 0.9
εmax (%)

Case 1, λ = 10 m
Case 1, λ = 100 m 
Case 1, λ = 1000 m 

Case 2, λ = 10 m
Case 2, λ = 100 m 
Case 2, λ = 1000 m 

Undamaged zone Damaged zone

εmax = 0.72%
(allowable strain)

Figure 14: Cumulative distribution function (CDF) of the maxi-
mum cable strain εmax.

Advances in Civil Engineering 11



(1) ,e proposed FE model was validated by a large-
scale physical test, and a good agreement was ob-
tained between the results of FE analysis and the
physical model test. It suggests that the axial strain
dominates the total cable strain, while the bending
strain is insignificant.

(2) Analysis of statistical hypothesis testing shows that
the uncertainty of La has the most significant effect
on cable damage probability, while the effects of the
uncertainties of ϕ, c′, and H are insignificant. ,is is
also verified by statistically comparing damaged
samples with their respective unconditional samples
in Bayes’ theorem.

(3) ,e correlation length of ϕ, c′, and H has significant
effects on the standard deviation of εmax and cable
damage probability; but it has a minor effect on the
mean of εmax. When the spatial variability is ignored
by assuming perfect correlation, the cable damage
probability may be underestimated or overestimated
depending on the safety status of cables and the
location of the allowable cable strain εallo on the CDF
curve of εmax.
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[19] Dassault Systèmes, ABAQUS, Providence, RI, USA, 2013.
[20] Y. Wang, J. Shi, and C. W. W. Ng, “Numerical modeling of

tunneling effect on buried pipelines,” Canadian Geotechnical
Journal, vol. 48, no. 7, pp. 1125–1137, 2011.

[21] J. Shi, Y. Wang, and C. W. W. Ng, “Buried pipeline responses
to ground displacements induced by adjacent static pipe
bursting,” Canadian Geotechnical Journal, vol. 50, no. 5,
pp. 481–492, 2013.

[22] J. Shi, Y. Wang, and C. W. W. Ng, “Numerical parametric
study of tunneling-induced joint rotation angle in jointed
pipelines,” Canadian Geotechnical Journal, vol. 53, no. 12,
pp. 2058–2071, 2016.

[23] P. Ni and S. Mangalathu, “Fragility analysis of gray iron
pipelines subjected to tunneling induced ground settlement,”
Tunnelling and Underground Space Technology, vol. 76,
pp. 133–144, 2018.

[24] J. Shi, C. Ding, C. W. W. Ng, H. Lu, and L. Chen, “Effects of
overconsolidation ratio on tunnel responses due to overlying

12 Advances in Civil Engineering



basement excavation in clay,” Tunnelling and Underground
Space Technology, vol. 97, Article ID 103247, 2020.

[25] C. Fu, Responses of Submarine Telecommunication Cables to
Earthquakes, Ph.D. thesis, City University of Hong Kong,
Kowloon Tong, Hong Kong, 2019.

[26] Y. Wang, “Reliability-based design of spread foundations by
Monte Carlo simulations,” Géotechnique, vol. 61, no. 8,
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