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Abstract: Wave-induced seabed liquefaction significantly jeopardizes the stability of marine struc-
tures and the safety of human life. Susceptibility assessment is key to enabling spatial predictions and
establishing a solid foundation for effective risk analysis and management. However, the current re-
search encounters various challenges, involving an incomplete evaluation system, poor applicability
of methods, and insufficient databases. These issues collectively hinder the accuracy of susceptibility
assessments, undermining their utility in engineering projects. To address these challenges, a suscep-
tibility assessment method with the safety factor was developed as the key assessment parameter,
allowing for a comprehensive susceptibility assessment across the silt-dominated nearshore envi-
ronment using Empirical Bayesian Kriging (EBK). The safety factor is determined by combining the
cyclic stress ratio (CSR) and the cyclic resistance ratio (CRR), which characterize wave loadings and
sediment properties in the study area, respectively. This method was applied in the Chengdao region
of the Yellow River Estuary, China, a typical silt-dominated nearshore environment where wave-
induced liquefaction events have been reported as being responsible for multiple oil platform and
pipeline accidents. By collecting the regional wave and seabed sediment data from cores spanning
from 1998 to 2017, the safety factors were calculated, and a zonal map depicting the susceptibility
assessment of wave-induced seabed liquefaction was created. This study can serve as a valuable
reference for the construction and maintenance of marine engineering in liquefaction-prone areas.

Keywords: wave-induced seabed liquefaction; susceptibility assessment; safety factor; cyclic stress
ratio; cyclic resistance ratio; Empirical Bayesian Kriging

1. Introduction

Seabed liquefaction is a phenomenon associated with sediment instability. Under
the influence of external forces (e.g., wave action, earthquakes, and human activities), the
internal stress state of the sediment changes. Specifically, when the excess pore pressure
is equivalent to the effective stress of the overlying sediment, the state of the sediment
changes from solid to fluid, and the sediment becomes liquefied [1–3]. Wave-induced
seabed liquefaction is caused by an external load cyclically applied to the seabed, generating
differential loading on the seafloor through pressure waves that induce a series of cyclic
shear stresses in the underlying sediment. If the induced shear stress exceeds the strength,
it may lead to substantial deformation or liquefaction failure [1]. This sequence of this
event can lead to various engineering safety problems and compromise the stability of
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marine structures [4,5]. It poses significant risks to human lives and property, as illustrated
in Figure 1.
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Figure 1. Effects of seabed liquefaction on coastal environments. Because of seabed liquefaction,
differential settlement of coastal areas causes cracks in nearshore houses and walls (a); sediment
strength is reduced, causing destabilization of offshore platforms (b); and the seabed soil around the
trench turned into a dense liquid that flooded the trench and caused the pipeline to fail (c) (images
from Di Fiore et al. [6], Chávez et al. [7], and Damgaard et al. [8]).

To predict and evaluate the occurrence probability and severity of seabed liquefaction
effectively, numerous researchers have started applying risk assessment and management
techniques to this field [9–12]. These studies contribute to the quantitative analysis of the
spatial extent of disasters, geological disaster mechanisms, and triggering factors [13,14].
The insights derived from these analyses provide recommendations for pre-disaster plan-
ning, disaster response, and post-disaster recovery efforts, ultimately mitigating losses.
This field has garnered significant attention from governments, industries, and the scien-
tific research community [15]. Nevertheless, the complex nature of wave-induced seabed
liquefaction mechanisms makes it challenging to identify assessment factors. This diffi-
culty hinders the advancement of risk assessment and management in this specific context.
Among these challenges, the susceptibility assessment of seabed liquefaction emerges
as a pivotal aspect in the risk assessment of seabed liquefaction. It directly impacts the
accuracy of risk assessment and requires the advancement of reliable theories and practical
methodologies. Susceptibility assessment of wave-induced seabed liquefaction primarily
involves the creation of a disaster inventory, selection of conditioning factors, and identi-
fication of assessment methods [16]. Because of the complexity of wave-induced seabed
liquefaction mechanisms, the choice of different monitoring tools for liquefaction under
different sediment conditions directly affects the establishment of the disaster inventory
and the selection of condition factors, and ultimately determines the research methods [17].
Therefore, priority should be given to addressing the accuracy of susceptibility assessment
methods. The existing research methods lack the capability to adequately evaluate suscep-
tibility across various sediment types, highlighting the necessity for the development of
new methods to enhance evaluation accuracy [17,18].

Currently, susceptibility assessment methods for seabed liquefaction predominantly
revolve around statistical approaches and deterministic analysis. The statistical approach
enables both qualitative and quantitative evaluations of geological disasters by employing
statistical principles to describe relationships among conditioning factors [19]. Conse-
quently, this method, including bivariate statistical analysis, multivariate statistical analysis,
and machine learning (such as neural network models and maximum entropy models),
finds extensive application in the susceptibility analysis of marine geological disasters [16].
However, the statistical approach primarily focuses on the probability of disasters and
allocates less consideration to the mechanism of disasters [19]. In contrast, the deterministic
approach focuses on the mechanics of disaster occurrence. It has gained significant atten-
tion from researchers for its ability to quantitatively assess susceptibility to wave-induced
seabed liquefaction [16]. A 3-D assessment methodology for seabed liquefaction has been



J. Mar. Sci. Eng. 2024, 12, 785 3 of 25

proposed, based on cyclic triaxial tests, liquefaction potential evaluation criteria, and the
nearshore spectral windwave (NSW) model. Nonetheless, this method did not take into
account the effects of pore water pressure dissipation that could take place during a storm
period, rendering it unsuitable for completing the susceptibility assessment of shallow sed-
iment liquefaction [20]. Di Fiore et al. explored wave-induced seabed liquefaction through
cyclic triaxial tests and evaluated the liquefaction potential of the Magoodhoo coralline
island and coastal regions [6]. However, their calculation method for CSR (the cyclic stress
ratio) was only applicable to wave heights ranging from 0.2 to 3.0 m. Furthermore, the
evaluation factor was solely wave height, resulting in an oversimplified assessment model
that compromises result accuracy [6]. In summary, the current evaluation method lacks a
comprehensive consideration of evaluation factors for generating zoning maps based on
evaluation results, and it falls short in assessing different sediment types. Therefore, it is
crucial to introduce a more precise methodology to overcome these challenges.

In this study, a method for the susceptibility assessment of wave-induced seabed
liquefaction is introduced, with a particular focus on safety factors, which have been
widely used in susceptibility assessment for various natural processes. This method
characterizes wave loading through CSR and employs CRR (the cyclic resistance ratio) to
represent sediment properties to calculate safety factors. The calculation of CSR follows
the method proposed by Ishihara et al. [21], while CRR analysis integrates considerations
of sediment characteristics. Utilizing this approach in the Chengdao region involved
calculating CSR values for diverse wave recurrence periods (5-year, 10-year, and 25-year).
Concurrently, sediment properties determined CRR at varying depths, assessed through
cyclic triaxial torsion shear tests at sampling points. Establishing the smallest safety factor
among these points facilitated the identification of the wave-induced seabed liquefaction
susceptibility assessment. The susceptibility zoning map was generated using Empirical
Bayesian Kriging (EBK) in the Arc Geographic Information System 10.7 (ArcGIS 10.7). This
method is applicable to seabed areas with silt-dominated environments and can maximize
the accuracy of small-scale susceptibility assessments of wave-induced seabed liquefaction,
even when data are limited.

2. Methodology
2.1. Susceptibility Assessment Model of Wave-Induced Seabed Liquefaction

Currently, various methods exist for the susceptibility assessment of wave-induced
seabed liquefaction, commonly categorized as a statistical approach or deterministic anal-
ysis [16]. Deterministic analysis, as discussed earlier, allows for a more comprehensive
exploration of the mechanism behind wave-induced seabed liquefaction, aligning closely
with its characteristics and thus finding extensive application [16]. The safety factor em-
ployed in this study falls within a deterministic analysis, offering quantitative insights into
liquefaction susceptibility. This method was initially proposed by Seed et al. in 1971 [22].
Its versatility allows for application across study areas with diverse sediment types and
various scenarios, promising a more precise susceptibility of wave-induced seabed lique-
faction [23]. This method employs CSR to signify the extent of external load impact on
sediment liquefaction and uses CRR to indicate sediment resistance properties [22,24]. The
safety factor can be determined by comparing CSR and CRR at varying depths according
to Equation (1):

FS =
CRR
CSR

(1)

where FS is the safety factor; CSR is the cyclic stress ratio; and CRR is the cyclic resistance
ratio. The seabed liquefaction susceptibility of each area is further classified according to
the characteristics of the study area and the probability of liquefaction, combined with the
safety factor [25].

It is usually considered that the liquefaction will not occur in the region when FS > 1
and that the liquefaction will occur in the region when FS < 1. The interrelation between
the safety factor and reliability had been explored, proposing that the safety factor can be
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specified based on reliability levels, and the allocation of the safety factor should be based
on having the same reliability associated with each failure mode [26]. The influence of
geotechnical parameter variability on the liquefaction potential of tailing dams has been
explored [27]. The safety factor for different liquefaction probabilities has been compared,
highlighting the use of probabilistic methods for failure probability and the safety factor
against liquefaction analysis [27]. Therefore, the division intervals of safety factors need
to be determined based on the actual conditions of the research area, considering the
characteristics of disaster events, and based on different liquefaction probabilities.

2.2. Cyclic Stress Ratio

CSR represents the ratio of the amplitude of shear stress to the effective confining
stress, which is used to quantify the deformability or strength of soils under cyclic loading
conditions [22]. According to linear wave theory, a wave event can be described by
fundamental wave characteristics [28]. Thus, various authors have suggested simplifying
the CSR calculation based on this theory [21]. When analyzing wave conditions, the
following criteria must be considered: (1) to reduce computational complexity, the irregular
loads, induced by actual waves on the seabed surface, are simplified to uniform loads and
(2) because this method is designed for shallow sea areas, it assumes that all waves are
linear [23,29,30].

Regarding the characteristics of waves, they can be considered to consist of an infinite
number of wave trains with the same amplitude and wavelength. The passage of such an
array of waves over the ocean creates harmonic pressure waves on the seafloor, increasing
the pressure under the crest and reducing it under the trough, as shown in Figure 2 [21].
Considering the rectangular coordinate system, the sea surface elevation of a wave field η
may be represented by Ishihara and Yamazaki’s Equation (2) [21]:

η(x, t) =
H
2

cos(kx − ωt) (2)

where H is the wave height, k =
( 2π

L
)

is the wave number, L is the wave length, ω =
( 2π

T
)

is the wave frequence, T is the wave period, x is the spatial coordinate in the x direction, and
t is the time coordinate. For linear waves, k and ω are related by the dispersion relationship
according to Equation (3) [1]:

ω2 = gktanhkd (3)

where g is the gravitational acceleration. Equation (3) also can be rewritten as Equation (4):

L =
gT2

2π
tan h

(
2πd

L

)
(4)

where L is the wave length, T is the wave period, and d is the water depth.
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Regarding the characteristics of wave-induced cyclic stress, the seabed deposit is
assumed to consist of a homogeneous elastic material extending to an infinite depth. Boussi-
nesq’s classical solution for the two-dimensional plane strain problem can be employed
to calculate the stresses acting on it [31]. The stress induced in the seabed is, therefore,
analyzed by applying a sinusoidally changing load on the horizontal surface from minus
to plus infinity according to Equation (5):

p(x) = p0 cos
(

2π

L
x − 2π

T
t
)

(5)

where L is the wave length, x is the spatial coordinate in the x direction, T is the wave
period, and t is the time coordinate. According to the small amplitude wave, the amplitude
of the pressure fluctuation exerted on the sea bottom, p0, by the travelling wave is given by
Horikawa’s Equation (6) [32]:

p0 =
ρwgH

2cos h(2πd/L)
(6)

where ρw is the density of seawater, g is the gravitational acceleration, H is the wave height,
d is the water depth, and L is the wave length. Considering the uniform distribution and
infinite depth of the sediments, the amplitude of maximum shear stress can be determined
by analyzing the relationship between the horizontal stress, vertical stress, and shear stress
of the harmonic pressure wave. The analysis utilizes the classical Boussinesq solution for
two-dimensional plane strain problems according to Equation (7) [21]:

τvh = 2πzp0
1
L

(
e−2πz/L

)
(7)

where τvh is the shear stress, p0 is the amplitude of the pressure fluctuation exerted on the
sea bottom, L is the wave length, and z is the sampling depth. Since the magnitude of σ′

v is
expressed by σ′

v = ρ′gz, CSR is given by Equation (8) [21]:

CSR =
(τvh)max

σ′
v

=
2πp0

ρ′gL
exp

(
−2πz

L

)
(8)

where τvh is the shear stress, σ′
v is the vertical effective stress, p0 is the amplitude of the

pressure fluctuation exerted on the sea bottom, ρ′ is the submerged unit mass of soils in
the seabed, g is the gravitational acceleration, L is the wave length, and z is the sampling
depth. According to the formula, comprehensive data on fundamental wave characteristics
like wave height, wavelength, wave period, and water depth is essential. This information
not only allows for the calculation of CSR but also facilitates the simulation of CSR under
extreme wave conditions.

2.3. Cyclic Resistance Ratio

CRR is a parameter that measures the resistance of sediments to liquefaction. It
represents the ratio between the average cyclic shear stress and the vertical effective stress
of sediments [22]. Different sediment types require specific calculation methods, and
the operational ease varies among various test methods. The field test methods of CRR
under seismic liquefaction were summarized by referring to the research results of Youd
et al., as shown in Table 1 [24]. The primary field test includes SPT (Standard Penetration
Test), CPT (Cone Penetration Test), measurement of VS (Shear Wave Velocity), and BPT.
SPT is a test conducted during a test boring in the field to measure the approximate soil
resistance to penetration of a split-spoon sampler at various depths below the ground
surface [33]. This test was intended to measure the number of blows required to drive a
standard sampling tube into the ground to a certain depth [34]. As for CPT, an elongated
metal probe (typically conical in shape) is pushed into the ground, and the resistance and
soil displacement during the penetration process are measured. It is performed by pushing
an instrumented probe with a specific diameter into the earth at a constant speed while
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simultaneously measuring the cone resistance and sleeve friction resistance [35]. The VS test
is a geoengineering test used to determine the shear wave velocity in soil or rock. A shear
wave is a wave that propagates through shear deformation in a material, and its speed is
related to the shear modulus of the material. Shear wave velocity tests are often used to
study the elastic properties and mechanical behavior of soil or rock [36]. When conducting
liquefaction assessments, SASWs are useful for VS profile surveys of liquefaction sites [37].
Becker penetration resistance is defined as the number of blows required to drive the casing
through an increment of 300 mm [24]. The formula for calculating CRR corresponding to
the above method is mentioned in Table 2. It is essential to choose the appropriate method
based on the actual conditions of CRR calculation, significantly enhancing the accuracy of
CRR and FS and consequently improving the precision of susceptibility assessment results.

Table 1. Comparison of advantages and disadvantages of various field tests for CRR.

Feature
Test Type

SPT [38] CPT [39] VS [37] BPT [24]

Types of stress–strain
behavior influencing test

Partially drained,
large strain Drained, large strain Small strain Partially drained,

large strain

Quality control
and repeatability Poor to good Very good Good Poor

Soil types in which the test
is recommended No gravel No gravel All Gravel

Table 2. Summary of methods for calculating CRR.

Source Formula Testing Method

[38] CRR = exp

[
(N1,60∗(1+θ1∗FC)−θ6∗ln(Mw)−θ3∗ln

(
σ′v
Pa

)
+θ4∗FC+σε∗Φ−1(PL)

θ6

]
SPT

[39] CRR = exp
{
[q1.045

c,1 +qc,1(0.110∗R f )+(0.001∗R f )−0.848∗ln(Mw)−0.002∗ln(σ′
v)−20.923+1.632∗Φ−1(PL)]

7.177

}
CPT

[37] CRR = exp

{ [
(0.0073∗Vs1)

2.8011−2.6168∗ln(Mw)−0.0099∗ln(σ′
v)+0.0028∗FC+0.4809∗Φ−1(PL)

]
1.946

}
SASW

Note: N1,60 is the standard penetration test blowcount value corrected for overburden, energy, equipment, and
procedural factors; θi is the set of unknown model coefficients; FC is the fines content; Mw is the earthquake
moment magnitude; σ′

v is the vertical effective stress; Pa is the atmospheric pressure (1 atm); Φ is the standard
cumulative normal distribution; PL is the probability of triggering of liquefaction; qc,1 is the normalized cone tip
resistance; R f is the friction ratio; Vs1 is the effective stress normalized shear-wave velocity.

The above method is suitable for the calculation of CRR in the terrestrial environment.
However, the monitoring difficulty in the marine environment is greater than that in the
terrestrial environment, and the in situ test is more difficult and costly [40,41]. Therefore,
the laboratory test has attracted more attention in the field of submarine geological disaster
susceptibility assessment. The cyclic triaxial torsion shear test is a widely used sediment
testing method suitable for saturated sand and saturated silt in nearshore areas [31]. It
offers a streamlined computation process with fewer evaluation factors, facilitating a rapid
assessment of sediment resistance to liquefaction. This test reflects the cyclic loading
characteristics of the sediment, a characteristic that is one of the determining factors in the
susceptibility assessment of wave-induced seabed liquefaction [31]. Introduced by Ishihara
et al., this method selects the dynamic stress ratio when the double amplitude deviator
strain reaches 5% as CRR for the sediments at the given point [21]. Based on this standard,
they conducted a large number of cyclic triaxial tests, summarized the relevant rules, and
proposed the calculation according to the relative density of sediments and the coefficient
of earth pressure at rest, as shown in Equation (9) [21]:
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CRR = 0.0019 ∗ Dr ∗
1 + 2K0

3
(9)

where Dr is the relative density and K0 is the coefficient of earth pressure at rest. However,
this method is applicable to sandy sediments, but not to silt, so some scholars have found
another universal rule, which indicates that the cyclic stress ratio at 100 load cycles is
determined to be closest to this criterion, as illustrated in Equation (10) [21,23]. Since there
exists an exponential relationship between the number of cyclic loadings and the cyclic
dynamic stress in the cyclic triaxial test, as depicted in Equation (11), the CRR can be
calculated by fitting this exponential relationship with convincing data obtained through
the tests [23].

CRR = (
τL
σ′

v
)

100
= (

σd
2σC

)
100

=
3σd

2(σ1 + σ3)
(10)

where τL is the horizontal shear stress, σ′
v is the vertical effective stress, σd is the cyclic

dynamic stress, σC is the average consolidation pressures, σ1 is the axial consolidation
pressures, and σ3 is the lateral consolidation pressures.

τL
σ′

v
= a ∗ ln N + b (11)

where τL is the horizontal shear stress, σ′
v is the vertical effective stress, N is the number of

cyclic loadings, and a and b are the fitting coefficients.

2.4. Geospatial Interpolation

The previous process allows us to calculate the safety factor for a specific location.
However, to complete a susceptibility assessment of marine geological disasters for the
entire study area, spatial interpolation tools within the Arc Geographic Information Sys-
tem 10.7 (ArcGIS 10.7) need to be employed. These tools maximize the utilization of
existing data points to comprehensively delineate the susceptibility assessment of lique-
faction across the entire area [9]. To reconstruct a continuous attribute distribution over
the entire study area, the spatial interpolation method utilizes a finite set of sampling
points S = {(xi, fi), i = 1, 2, 3, . . . , n} to establish an interpolation function ( f : x → x) that
estimates attribute values at any given data point within the study area [10]. Spatial inter-
polation can be categorized into geostatistical interpolation and deterministic interpolation.
A widely used geostatistical interpolation method is EBK, which is valued for its simplicity
and accurate results [42,43]. This method accounts for introduced error by estimating the
underlying semivariance function, whereas other kriging methods calculate the semivari-
ance function from a known data location and apply this single semivariance function to
make predictions at an unknown location [9,44]. By not considering the uncertainty in the
estimation of the semivariance function, other kriging methods underestimate the standard
error of the prediction, while the EBK is more accurate [44]. Additionally, EBK requires min-
imal interactive modeling, excels at predicting unstable data, and is particularly well-suited
for smaller datasets [9].

2.5. Susceptibility Assessment System of Wave-Induced Seabed Liquefaction

Based on the above discussion of the susceptibility assessment and spatial interpolation
methods, the specific steps for partitioning the susceptibility assessment of wave-induced
seabed liquefaction are shown in Figure 3.
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Figure 3. Process for the susceptibility assessment of wave-induced seabed liquefaction (modified
from [14,22,43,44]).

This study proceeds through the following steps:

(1) Identify the study area through a comprehensive review of historical data. Summarize
the fundamental wave characteristics within this region and establish a comprehensive
disaster inventory.

(2) Calculate the CSR of all measurement points using Equation (8), considering the
measured water depth and wave parameters of different wave recurrence periods.
Utilize the cyclic triaxial torsion shear test data from sampling points to calculate
CRR at the known depth of each sampling point. Select the minimum CRR value for
each measurement point as the CRR value for susceptibility assessment. Calculate
the safety factor of wave-induced seabed liquefaction at the known depth of each
sampling point under the different wave conditions by applying Equation (1). Select
the minimum safety factor value for each point under varying wave conditions.

(3) Analyze and process the data through ArcGIS 10.7, incorporating interpolation meth-
ods to generate a liquefaction susceptibility zoning map for the study area. Subse-
quently, conduct an in-depth analysis of the zoning results.
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3. A Case Study in a Silt-Dominated Nearshore Environment
3.1. Study Area

Numerous studies indicate that nearshore silty seabed are typical areas prone to lique-
faction, posing a significant threat to the stability of nearshore marine engineering [7,45–47].
In this context, the Chengdao Island area, where silty sediments are widely distributed, has
been selected as the study area. The Chengdao region is situated to the north of the Yellow
River Estuary in China, exhibiting a southwest-to-northeast topographical gradient, as
depicted in Figure 4. This area primarily consists of two subdeltas [47]. The first subdelta
was formed when the Yellow River was redirected to the Shenxiangou flow path from 1953
to 1964, while the second subdelta was established when the river was diverted to the
Diaokou flow path from 1964 to 1976 [48]. The underwater Yellow River Estuary spans
an area of approximately 3000 km2. A distinctive feature of this region is its remarkably
gentle gradient, typically less than 0.4◦, and an exceptionally low slope drop ranging from
1% to 5% [48]. This makes the area highly susceptible to storm surge hazards [1]. Between
1949 and 2005, more than 150 storm surge events occurred in the region, with an average of
two to three events per year, of which 36 storm surges caused geological disasters, most of
which occurred in the summer and fall [49].
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Figure 4. Overview of the Chengdao region and the study zone. The large image shows the location
of the Chengdao region and the study zone, with arrows indicating the direction of ocean currents in
the study area; the small image in the upper right corner represents the study zone, where yellow
indicates the distribution of offshore platforms in existing publicly available data (images modified
from Zhang et al. [47] and Wang et al. [50]).

The Chengdao region holds significant engineering importance as it encompasses the
Chengdao oil field, which is a crucial oil-producing area. Numerous engineering facilities,
including oil platforms, submarine pipelines, and breakwaters, have been established
in this region [51–53]. However, the marine engineering environment in the Chengdao
region is notably complex, with frequent occurrences of seabed liquefaction leading to
numerous destabilization accidents involving offshore engineering facilities. For instance,
in November 2003, a seabed deformation sliding event occurred near the oil production
platform CB12B, which led to the rupture and interruption of two submarine cables. In May
2009, the CB25A-CB25B subsea crude oil transmission pipeline fractured near the endpoint
of CB25A [52]. The investigation data indicated that the accident site was approximately
50–60 m from the CB25A platform, 80 m from the intersection of the Center II-CB1A subsea
pipeline, and 200 m from the Center II-CB1A submarine cable. Furthermore, a capsizing
incident occurred on the Shengli Operation No. 3 maintenance platform near the CB22C
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well group platform of Chengdu Island Oilfield in 2010, putting 36 people in danger [54].
Unfortunately, two individuals lost their lives [7]. The Shengli Operation No. 3 platform
and the adjacent seabed were adversely affected by intense wind and waves induced by
a typhoon. This led to the liquefaction of the soft substrate beneath the platform, and as
the liquefaction zone gradually expanded, it triggered instability, ultimately causing the
capsizing of the platform [7].

3.2. Cyclic Stress Ratio under Various Wave Return Periods

The Chengdao region is influenced by prevailing monsoon winds, experiencing domi-
nant north winds in the winter and south winds in the summer [52]. Wave patterns in this
area are primarily controlled by surface winds, characterized by short wind zones, rapid
wave growth, high wave heights, short wave periods, and limited attenuation distances.
These characteristics are associated with the semi-enclosed nature of the Chengdao region,
which is connected solely to the Yellow Sea through the narrow Bohai Strait. Furthermore,
the engineering geological conditions of the underwater delta impact wave propagation,
limiting the distance waves can travel [55]. Under normal sea conditions, wave heights
typically do not exceed 1.5 m. However, during extreme sea conditions, wave heights can
surpass 5.8 m, and the measured maximum current velocity can reach 1.5 m/s [1]. It is
estimated that the extreme water level may increase by 1.8–3.2 m per year, with an average
increase of 2.2 m in the Chengdao region [46]. These extreme conditions are primarily
generated by weather phenomena such as typhoons, cyclones, and cold waves [56]. Ob-
servational and numerical simulation data provide a breakdown of wave information for
different wind conditions in the Chengdao region, as shown in Table 3.

Table 3. Corresponding wave elements under different wave recurrence periods in the Chengdao
region (data from [46]).

Water Depth 5-Year Return Period 10-Year Return Period 25-Year Return Period

(m) H1/10
(m)

L
(m)

T
(s)

H1/10
(m)

L
(m)

T
(s)

H1/10
(m)

L
(m)

T
(s)

3 2.0 42.0 8.0 2.0 42.6 8.1 2.0 44.2 8.4
4 2.6 48.5 8.0 2.6 49.2 8.1 2.6 50.9 8.4
5 3.4 53.9 8.0 3.4 54.5 8.1 3.4 56.6 8.4
6 4.0 58.4 8.0 4.0 58.9 8.1 4.0 61.2 8.4
7 4.3 61.4 8.0 4.6 62.3 8.1 4.6 64.9 8.4
8 4.4 64.9 8.0 4.6 65.8 8.1 4.9 68.7 8.4
9 4.5 65.4 8.0 4.7 68.6 8.1 5.0 71.6 8.4
10 4.6 70.9 8.0 4.8 71.1 8.1 5.1 74.2 8.4
14 5.0 79.9 8.0 5.2 79.2 8.1 5.6 82.8 8.4

Note: H1/10 is the effective wave height.

According to linear wave theory, an extreme wave event can be considered to consist of
many different waves with characteristics, and the wave components can be characterized
by wave period, wavelength, and wave height [31]. The peak wave stress in the study
area is calculated under the wave conditions of a 5-year, 10-year, and 25-year return
period to analyze the distribution of cyclic stress within the study area across varying
wave conditions and sampling depths. Considering that the maximum liquefaction depth
in the Chengdao region is less than 15 m, CSRs for three different wave conditions at
sampling depths of 5 m, 10 m, and 15 m were further calculated [13]. The interpolation
method was utilized to generate a zonal map of the peak wave pressures under different
wave conditions (ρw = 1025 kg/m3 is the density of seawater and g = 9.8 m/s2 is the
gravitational acceleration), as shown in Figure 5.
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Figure 5. CSR of the study area (the small image in Figure 4) under different wave conditions at
different sampling depths: (a) CSR of the wave condition in a 5-year return period at 5 m depth;
(b) CSR of the wave condition in a 5-year return period at 10 m depth; (c) CSR of the wave condition
in a 5-year return period at 15 m depth; (d) CSR of the wave condition in a 10-year return period at
5 m depth; (e) CSR of the wave condition in a 10-year return period at 10 m depth; (f) CSR of the
wave condition in a 10-year return period at 15 m depth; (g) CSR of the wave condition in a 25-year
return period at 5 m depth; (h) CSR of the wave condition in a 25-year return period at 10 m depth;
and (i) CSR of the wave condition in a 25-year return period at 15 m depth.

Overall, a discernible spatial regularity characterizes the distribution of CSR, with
contours closely aligned with the coastline. The lowest CSR value is observed under the
wave conditions of a 5-year return period, situated at a depth of 15 m in the southeastern
offshore area of the study region, with a value of 0.0004. Conversely, the highest CSR
value is found under the wave conditions of a 25-year return period, located at a depth of
5 m in the northeastern offshore area, with a value of 0.305. A deeper analysis of the CSR
distribution at different depths but the same wave conditions reveals a general increasing
trend from nearshore to offshore areas. However, a distinct spatial pattern emerges in the
northern nearshore part of the Chengdao region, characterized by a concentration of higher
CSR values where numerous offshore platforms are located. Additionally, CSR displays a
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negative correlation with sampling depth, ranging from 0.03 to 0.31 at 5 m depth, 0.01 to
0.23 at 10 m depth, and 0.0004 to 0.16 at 15 m depth. This indicates that deeper sediment
experiences a reduced impact from wave loading. By analyzing the distribution of CSR
at the same depth but under different wave conditions, it can be found that higher wave
conditions lead to an increased CSR, which, in turn, amplifies the likelihood of seabed
liquefaction. The precision of the interpolation results is primarily attributed to the limited
distribution of interpolation points. However, regarding the interpolation of CSR, the
known data points are mostly distributed in nearshore areas, with fewer points in offshore
areas. As a result, the accuracy of interpolation results in offshore areas will be lower than
in nearshore areas.

3.3. Cyclic Resistance Ratio of Sediments

The sediment types in the Chengdao region can be categorized into four types, includ-
ing clay, silty clay, silt, and silty sand, as shown in Figure 6 [52]. In the Chengdao oil field
beach and shallow marine stratigraphy, silt is the main sediment type [51]. However, the
nearshore area experiences strong hydrodynamic forces and sediment redeposition, leading
to a more intricate sediment composition [49]. This results in an alternation between coarser
and finer sediment types, with silt predominating locally. Moreover, the distribution of silt
in the far shore area slightly surpasses that of clay [46,57].
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Figure 6. Distribution of sediment types in the study area. Blue dots represent sample points (data
from Liu et al. [51] and Liu et al. [52]).

The sediment strength in the Chengdao region exhibits a notable pattern, which can be
observed in Figure 7, depicting the distribution of undrained shear strength in depth ranges
of 0–5 m, 5–10 m, and 10–15 m. The exact calculation results are presented in Appendix A.
Because of more rapid sedimentation, the shallow sediments usually do not reach complete
consolidation, so their undrained shear strengths are lower, and the range of variation
is smaller [57]. On the contrary, the undrained shear strength of the deeper sediments
roughly shows a gradual increase along the delta and outward [57]. This phenomenon
results from a gradual reduction in sedimentation rates and a progressive thinning of
sediment particles. Furthermore, regional trends in the sediment water content, the pore
ratio, and the liquid–plastic limit follow a similar pattern, with these parameters gradually
increasing with water depth and distance from the Diaokou inlet [48]. These characteristics
collectively create conditions characterized by low consolidation, a high water content, a
high pore ratio, and low strength, which increases the risk of geological disasters such as
sliding, thixotropy, and liquefaction.
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To calculate CRR, this study used the cyclic triaxial shear test data. The method for
this experiment was the consolidation of undrained shear, with an isotropic consolidation
process (i.e., axial consolidation pressure (σ1) equaled lateral consolidation pressure (σ3)).
After consolidation was completed, the confining pressure and axial pressure remained
unchanged, while a sinusoidal axial load with a frequency of 1 Hz was applied. This caused
cyclic shear stress on a 45◦ inclined plane within the soil sample, simulating the shear forces
induced by wave loading within the seabed. The same set of soil samples was subjected
to at least three different amplitudes of dynamic loading to obtain a relationship curve
between the number of cycles and the dynamic stress ratio. Data from 29 groups of cyclic
triaxial tests conducted between 1998 and 2017 with sediment samples in the study area
were collected and organized. The relationship between the dynamic stress ratio and the
number of cycles at various depths was fitted to calculate the cyclic resistance ratio (CRR)
for each sampling point. The exact calculation results are provided in Appendix B. The
minimum CRR value at each point was selected as the final CRR. Figure 8 only presents
the relationship between the dynamic stress ratio and the number of cycles for a portion of
different sampling points, along with the method for determining CRR. However, because
of the nonuniform distribution of 29 sampling points, it was necessary to utilize Empirical
Bayesian Interpolation to extrapolate the CRR distribution across the continuous surface of
the study area, as illustrated in Figure 9.

CRR mainly reflects the ability of sediments in the study area to resist liquefaction. In
general, variations in CRR within the study area are relatively minor and closely linked
to sediment type. The northwestern region predominantly features silt sediments, with
most of this area exhibiting CRR values exceeding 0.27, indicating greater resistance to
liquefaction. Furthermore, CRR correlates with undrained shear strength, which is notably
lower in the southeastern region at different depths, resulting in a CRR within the range
of 0.2 to 0.22. Unlike the distribution of CSR, CRR does not follow a coastline-based
distribution pattern. Instead, they display one high CRR center and three low CRR centers
arranged in a concentric circle formation. These interpolation results are influenced by the
distribution of sampling points and the selection of the interpolation method.

A comprehensive analysis of CSR, CRR, and safety factors at various sampling depths
at the same location reveals interesting patterns. Under the same wave condition, CSR and
CRR exhibit a gradual decrease as sampling depth increases. The reduction in CSR (Figure 5)
is associated with the attenuation of stress as waves propagate downward through the
sediment layers. Furthermore, the reduction in the CRR trend could be attributed to the
robust hydrodynamic forces in the nearshore area, which generate intense shear stresses,
inhibiting the settling of sediment particles toward the seabed and consequently resulting in
a decline in CRR with greater depth. However, as sampling depth increases, the magnitude
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of reduction in CSR surpasses that of CRR, resulting in an increase in the safety factor
and a decreased susceptibility to wave-induced seabed liquefaction. This implies that the
depth of sediment may significantly influence the susceptibility to wave-induced seabed
liquefaction, leading to a reduced susceptibility to disasters.
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3.4. Susceptibility Assessment

The safety factor for wave-induced seabed liquefaction at various known depths
of sampling points was calculated following the previously outlined procedure. These
calculations were conducted under different wave conditions corresponding to 5-year,
10-year, and 25-year return periods. We considered the smallest safety factor among
those calculated at different known depths as the safety factor for wave-induced seabed
liquefaction at that specific point, as detailed in Table 4. Subsequently, we utilized EBK in
ArcGIS 10.7 to generate a distribution map of the safety factor of wave-induced seabed
liquefaction, as shown in Figure 10.
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Table 4. CSRs, CRRs, and the safety factor minima calculated for 29 core sampling points.

No. Latitude
(N)

Longitude
(E)

Sampling
Depth (m) CSR-5y CSR-10y CSR-25y CRR FS-5y FS-10y FS-25y

1 38◦09′52′′ 118◦56′33′′ 12.5 0.0965 0.1022 0.1161 0.1836 1.9023 1.7960 1.5809
2 38◦11′26′′ 118◦50′48′′ 3 0.0951 0.1031 0.1069 0.1948 2.0477 1.8904 1.8220
3 38◦16′32′′ 118◦42′33′′ 5 0.1148 0.1213 0.1337 0.3379 2.9431 2.7853 2.5262
4 38◦16′02′′ 118◦43′45′′ 10 0.0641 0.0684 0.0772 0.3031 4.7245 4.4323 3.9275
5 38◦15′12′′ 118◦48′18′′ 15 0.0211 0.0218 0.0238 0.3151 14.9494 14.4820 13.2178
6 38◦13′47′′ 118◦56′31′′ 3 0.2702 0.2962 0.3299 0.3605 1.3339 1.2171 1.0926
7 37◦56′13′′ 119◦12′04′′ 9 0.1860 0.2087 0.2327 0.1792 0.9631 0.8586 0.7699
8 38◦10′22′′ 118◦54′49′′ 4.2 0.1544 0.1685 0.1799 0.1697 1.0989 1.0066 0.9433
9 38◦15′38′′ 118◦59′30′′ 8 0.2001 0.2241 0.2491 0.2494 1.2466 1.1128 1.0015
10 38◦14′35′′ 118◦47′27′′ 2.3 0.0645 0.0642 0.0668 0.3606 5.5879 5.6146 5.3979
11 38◦14′45′′ 118◦52′09′′ 5 0.1148 0.1213 0.1337 0.3314 2.8872 2.7325 2.4783
12 38◦13′53′′ 118◦51′31′′ 5 0.1018 0.1078 0.1193 0.3250 3.1923 3.0155 2.7243
13 38◦12′58′′ 118◦48′44′′ 12 0.0114 0.0118 0.0129 0.1121 9.8112 9.5096 8.6919
14 38◦15′56′′ 118◦49′06′′ 4 0.0985 0.1043 0.1155 0.6891 6.9947 6.6040 5.9662
15 38◦16′16′′ 118◦49′03′′ 7 0.0737 0.0784 0.0878 0.7281 9.8829 9.2914 8.2944
16 37◦55′07′′ 119◦08′13′′ 9 0.1740 0.1921 0.2187 0.2288 1.3151 1.1907 1.0461
17 38◦13′53′′ 118◦47′28′′ 2 0.0423 0.0429 0.0447 0.2204 5.2083 5.1376 4.9361
18 38◦11′49′′ 118◦48′05′′ 2 0.1196 0.1263 0.1387 0.4844 4.0513 3.8358 3.4931
19 38◦12′54′′ 118◦48′46′′ 3.1 0.0366 0.0372 0.0380 0.2020 5.5149 5.4297 5.3092
20 38◦11′38′′ 118◦55′36′′ 6.3 0.2101 0.2323 0.2619 0.3528 1.6788 1.5184 1.3475
21 38◦13′40′′ 118◦56′58′′ 14 0.1292 0.1459 0.1657 0.3082 2.3848 2.1123 1.8604
22 38◦16′04′′ 118◦50′43′′ 5 0.1148 0.1213 0.1337 0.3299 2.8741 2.7201 2.4670
23 38◦14′37′′ 118◦47′25′′ 5 0.0457 0.0477 0.0491 0.5014 10.9623 10.5121 10.2190
24 38◦14′29′′ 118◦49′57′′ 10 0.0364 0.0373 0.0400 0.3103 8.5222 8.3192 7.7590
25 38◦13′11′′ 118◦56′17′′ 3.6 0.2580 0.2829 0.3166 0.3120 1.2032 1.1027 0.9853
26 37◦54′38′′ 119◦06′41′′ 4 0.1794 0.1987 0.2185 0.1669 0.9300 0.8397 0.7635
27 38◦08′35′′ 118◦53′56′′ 8 0.0328 0.0336 0.0359 0.1639 4.9898 4.8789 4.5715
28 38◦08′59′′ 118◦54′31′′ 10 0.0259 0.0266 0.0286 0.1884 7.2663 7.0817 6.5748
29 38◦19′12′′ 118◦59′24′′ 5 0.2489 0.2778 0.3054 0.2455 0.9860 0.8835 0.8038
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Figure 10 reveals the susceptibility assessment result of wave-induced seabed lique-
faction in the Chengdao region. The zoning of susceptibility refers to previous research
by Chang et al. [48]. The safety factor and liquefaction probability of sediments against
liquefaction were calculated under different wave conditions, taking into account the vari-
ability in wave and soil parameters. Based on the Chengdao region, a division of the safety
factor was proposed. If the probability is controlled within 5%, the safety factor must be
greater than 1.8, i.e., the area is a non-liquefaction zone when FS > 1.8 and a liquefaction
susceptibility zone when FS < 1.8 [48]. Broadly, the safety factor in the western part of the
study area surpasses that in the eastern part, showing substantial spatial variation. The
extent of the susceptibility zone expands with more severe wave conditions. Under the
wave condition in a 5-year return period, the safety factor in the study area ranges from 0.93
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to 14.95, with the liquefaction susceptibility zone encompassing 64.46% of the total study
area. Under the wave condition in a 10-year return period, the safety factor ranges from
0.839 to 14.48, covering 65.07% of the study area. Under the wave condition in a 25-year
return period, the safety factor varies from 0.76 to 13.22, with the susceptibility zone encom-
passing 68.89% of the study area. The distribution of the safety factor shows a concentric
circle structure centered on the sampling point, with a high safety factor center occurring
in the northwestern area and a low safety factor center in the southeastern area. The high
safety factor center was located in the northeast of the study area, and its range gradually
expanded and developed significantly with an enhancement in wind and wave action,
while the range of the high safety factor center in the northwest gradually decreased and
the range of the low safety factor center in the southeast gradually expanded (Figure 10).
Notably, the safety factor in the western part of the study area under the 25-year return
period wave conditions ranges between 0.98 and 1.0. There is an area extending southwest-
ward along the sampling points, and its range changes most significantly, from 18.73% for
the wave condition in a 5-year return period to 43.11% for the wave condition in a 25-year
return period. Combining the distribution of sampling points and susceptibility areas, it is
observed that most sampling points are located in high-safety areas. However, there are still
some sampling points with lower safety factors. This is of concern because some important
submarine engineering facilities are in these zones. For example, submarine cables from
KD48 to KD34C, near borehole K1-1, are buried in an area with the lowest safety factor.
This site is particularly susceptible to wave-induced seabed liquefaction under different
wave conditions.

The method can realize the preliminary susceptibility assessment of wave-induced
seabed liquefaction, which provides a reference value for the construction of marine engi-
neering and maintenance of facilities, but there remains room for its enhancement. Firstly,
the accuracy of susceptibility assessments in areas with limited or sparse data points is
compromised because of their spatial distribution and the lack of data. Secondly, the current
method does not fully account for the influence of sampling depth changes on the safety
factor, making it unable to provide a comprehensive assessment of the three-dimensional
spatial susceptibility to wave-induced seabed liquefaction. Consequently, the evaluation
results may deviate from the actual conditions. To enhance the accuracy of this method,
future research can explore wave-induced seabed liquefaction principles through extensive
indoor experiments, take into account the impact of sampling depth on susceptibility
more comprehensively, and potentially employ machine learning-based models to achieve
a more precise evaluation. These improvements could lead to more reliable results in
evaluating susceptibility and better support marine engineering construction and facility
maintenance decisions.

4. Conclusions

This study modifies the formula for calculating the safety factor, which makes the
method suitable for studying the susceptibility assessment of seafloor sediment liquefaction
under wave loads. This method employs the safety factor as a primary evaluation criterion
and combines an analysis of the cyclic stress ratio (CSR) and the cyclic resistance ratio (CRR)
to provide a comprehensive assessment. The Chengdao region in China, characterized by
extensive silt distribution, was selected as the study area. To create a regional evaluation
zoning map for the susceptibility of wave-induced seabed liquefaction, Empirical Bayesian
Kriging (EBK) in the Arc Geographic Information System 10.7 (ArcGIS 10.7) was utilized.
The following conclusions can be drawn from this study:

(1) A method for the susceptibility assessment of wave-induced seabed liquefaction was
modified using the safety factor. This safety factor was determined by employing
CSR to account for the wave characteristics in the study area and CRR to reflect the
sediment properties. This method was then applied to the Chengdao region, where
a substantial amount of data was collected to evaluate the susceptibility of wave-
induced seabed liquefaction. The EBK method was further utilized to create zoning
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maps for the susceptibility assessment of wave-induced seabed liquefaction in the
Chengdao region under varying wave conditions.

(2) CSR primarily characterizes the wave conditions in the study area and is a crucial
factor for the susceptibility assessment of wave-induced seabed liquefaction. In
this study, CSR values are calculated using basic wave elements based on linear
wave theory. To gain a deeper insight into the impact of waves on the susceptibility
assessment of wave-induced seabed liquefaction and enhance the accuracy of the
evaluation, we believe that multiple extreme wave conditions should be calculated
for CSR.

(3) CRR primarily represents the sediment characteristics of the study area, and its
calculation method should be tailored to the sediment types in the study area. This
study presents several testing methods, such as SPT (Standard Penetration Test), CPT
(Cone Penetration Test), measurement of VS (shear wave velocity), and BPT, with a
specific focus on the cyclic triaxial test, which is convenient for rapid computation,
and the data are easily obtainable, making it applicable to various types of sediments.

(4) The safety factor serves as an effective indicator of wave-induced seabed liquefaction
susceptibility assessment in the study area. The safety factor integrates the wave
characteristics and sediment properties of the study area. Combined with spatial
interpolation methods, it allows for a continuous assessment of wave-induced seabed
liquefaction susceptibility across the study area. The specific categorization of suscepti-
bility levels also needs to consider the characteristics of the study area and liquefaction
probabilities. Through the calculation of safety factors, it was observed that CSR is
more sensitive to changes in sampling depth compared with CRR, exerting a greater
impact on the safety factor. Therefore, in future studies, it is crucial to consider the
sampling depth as a key reference factor for a more comprehensive evaluation of
wave-induced seabed liquefaction susceptibility in three-dimensional space.

Overall, the methodology of this study provides a tool for the susceptibility assessment
of wave-induced seabed liquefaction, setting the stage for subsequent risk assessment of
such disasters. This method can be directly applied to seabed areas in the study region
where the sediment type is silt, providing a spatial reference for stability assessment and
site selection of marine engineering facilities within the study area. When this method is
applied to other types of sediment in the study area, the formula of the cyclic resistance
ratio needs to be adjusted according to the characteristics of the sediment. However, we
also need to recognize that there is still room for improvement in this method, especially in
the amount and distribution of data, and more in-depth studies are needed to enhance the
accuracy and reliability of the assessment.
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Abbreviations and Symbols
Cu undrained shear strength
Dr relative density
K0 coefficient of earth pressure at rest
Mw earthquake moment magnitude

N1,60
standard penetration test blowcount value corrected for overburden, energy, equipment,
and procedural factors

PL probability of triggering of liquefaction
Pa atmospheric pressure (1 atm)
R f friction ratio
Vs shear wave velocity
Vs1 effective stress normalized shear-wave velocity
p0 amplitude of the pressure fluctuation exerted on the sea bottom
qc,1 normalized cone tip resistance
θi set of unknown model coefficients
ρ′ submerged unit mass of soils in the seabed
ρw density of seawater
σ1 axial consolidation pressures
σ3 lateral consolidation pressures
σh horizontal normal stress
σC average consolidation pressures
σd cyclic dynamic stress
σ′

v vertical effective stress
τL horizontal shear stress
τvh shear stress
ArcGIS Arc Geographical Information System
ASCE American Society of Civil Engineers
BPT Becker Penetration Test
CPT Cone Penetration Test
CRR cyclic resistance ratio
CSR cyclic stress ratio
EBK Empirical Bayesian Kriging
FC fines content
FS safety factor
NSW nearshore spectral windwave
SASW Spectral Analysis of Surface Waves Method
SPT Standard Penetration Test
z sampling depth
H1/10 effective wave height
Φ standard cumulative normal distribution
H wave height
L wave length
N number of cyclic loadings
T wave period
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d water depth
g gravitational acceleration
k wave number
t time coordinate
ω wave frequency

Appendix A. Data on Undrained Shear Strength (Cu)

Table A1. The mean undrained shear strength of sediments in the range of 0–5 m.

No. Longitude (E) Latitude (N) Cu (kPa) No. Longitude (E) Latitude (N) Cu (kPa) No. Longitude (E) Latitude (N) Cu (kPa)

1 38◦11′37.527′′ 118◦55′36.164′′ 8.98 24 38◦11′37.527′′ 118◦55′36.164′′ 13.79 46 38◦13′31.550′′ 118◦56′28.545′′ 8.50
2 38◦13′58.479′′ 118◦47′50.427′′ 31.00 25 38◦13′40.223′′ 118◦56′58.128′′ 10.64 47 38◦14′51.026′′ 118◦57′20.382′′ 7.50
3 38◦14′35.813′′ 118◦51′24.383′′ 9.50 26 38◦15′37.895′′ 118◦59′29.534′′ 4.89 48 38◦15′28.451′′ 118◦58′59.854′′ 7.83
4 38◦13′38.735′′ 118◦51′10.270′′ 22.50 27 38◦8′35.324′′ 118◦53′55.815′′ 6.67 49 38◦15′21.194′′ 118◦58′28.706′′ 9.67
5 38◦15′11.221′′ 118◦48′55.427′′ 6.25 28 38◦8′58.727′′ 118◦54′31.065′′ 9.67 50 38◦15′13.898′′ 118◦57′57.407′′ 9.00
6 38◦15′14.378′′ 118◦48′47.141′′ 7.33 29 38◦12′51.577′′ 118◦46′33.851′′ 16.13 51 38◦14′47.305′′ 118◦47′12.758′′ 23.00
7 38◦15′17.532′′ 118◦48′38.830′′ 7.67 30 38◦11′51.329′′ 118◦47′11.960′′ 10.57 52 38◦15′06.877′′ 118◦46′40.886′′ 23.00
8 38◦15′11.792′′ 118◦48′18.430′′ 17.50 31 38◦10′51.110′′ 118◦47′50.093′′ 7.093 53 38◦14′55.867′′ 118◦46′55.874′′ 20.33
9 38◦13′52.956′′ 118◦47′27.762′′ 10.00 32 38◦9′50.856′′ 118◦48′28.209′′ 8.79 54 38◦15′15.444′′ 118◦46′23.098′′ 23.25

10 38◦13′38.289′′ 118◦49′32.524′′ 8.00 33 38◦8′51.122′′ 118◦49′05.992′′ 10.83 55 38◦15′35.003′′ 118◦45′50.350′′ 16.00
11 38◦15′22.392′′ 118◦45′24.160′′ 6.50 34 38◦10′31.501′′ 118◦56′31.520′′ 13.50 56 38◦15′54.592′′ 118◦45′17.536′′ 20.33
12 38◦15′10.623′′ 118◦45′54.851′′ 6.50 35 38◦10′48.020′′ 118◦56′17.790′′ 12.33 57 38◦16′14.163′′ 118◦44′44.746′′ 22.25
13 38◦14′58.852′′ 118◦46′25.540′′ 5.50 36 38◦11′04.538′′ 118◦56′04.057′′ 18.67 58 38◦16′33.734′′ 118◦44′11.951′′ 24.67
14 38◦14′47.079′′ 118◦46′56.226′′ 4.50 37 38◦5′56.911′′ 118◦55′41.783′′ 17.33 59 38◦16′53.283′′ 118◦43′39.146′′ 18.00
15 38◦14′20.103′′ 118◦47′48.698′′ 5.00 38 37◦56′24.973′′ 119◦13′28.386′′ 3.00 60 38◦17′12.862′′ 118◦43′06.349′′ 12.00
16 38◦10′26.026′′ 118◦55′31.334′′ 25.00 39 37◦56′23.958′′ 119◦13′29.568′′ 4.50 61 38◦17′29.534′′ 118◦42′38.384′′ 11.00
17 38◦9′05.299′′ 118◦55′10.320′′ 16.50 40 37◦56′13.302′′ 119◦12′04.466′′ 4.25 62 38◦12′53.977′′ 118◦48′46.351′′ 8.75
18 38◦8′17.413′′ 118◦54′23.899′′ 32.5 41 37◦56′01.755′′ 119◦10′40.617′′ 4.33 63 38◦17′47.306′′ 118◦51′05.372′′ 4.83
19 38◦12′42.606′′ 118◦56′28.897′′ 14.75 42 38◦9′33.488′′ 118◦56′42.908′′ 10.00 64 38◦17′10.451′′ 118◦55′38.071′′ 3.45
20 38◦13′47.422′′ 118◦56′30.587′′ 4.87 43 38◦15′33.877′′ 118◦44′55.901′′ 22.49 65 38◦16′38.159′′ 118◦58′19.233′′ 3.46
21 38◦12′10.039′′ 118◦56′02.593′′ 17.18 44 38◦14′13.013′′ 118◦56′51.961′′ 9.00 66 38◦16′14.429′′ 119◦1′19.094′′ 4.82
22 38◦10′22.429′′ 118◦54′48.940′′ 31.17 45 38◦13′52.281′′ 118◦56′40.254′′ 8.67 67 38◦15′14.770′′ 118◦58′28.480′′ 4.15
23 38◦13′38.989′′ 118◦56′56.266′′ 7.36

Table A2. The mean undrained shear strength of sediments in the range of 5–10 m.

No. Longitude (E) Latitude (N) Cu (kPa) No. Longitude (E) Latitude (N) Cu (kPa) No. Longitude (E) Latitude (N) Cu (kPa)

1 38◦11′37.527′′ 118◦55′36.164′′ 5.24 22 38◦10′22.429′′ 118◦54′48.940′′ 13.61 43 38◦15′33.877′′ 118◦44′55.901′′ 23.60
2 38◦13′58.479′′ 118◦47′50.427′′ 22.80 23 38◦13′38.989′′ 118◦56′56.266′′ 36.38 44 38◦14′13.013′′ 118◦56′51.961′′ 26.00
3 38◦14′35.813′′ 118◦51′24.383′′ 13.00 24 38◦11′37.527′′ 118◦55′36.164′′ 9.380 45 38◦13′52.281′′ 118◦56′40.254′′ 23.13
4 38◦15′11.661′′ 118◦49′07.406′′ 17.00 25 38◦15′37.895′′ 118◦59′29.534′′ 22.70 46 38◦13′31.550′′ 118◦56′28.545′′ 26.00
5 38◦15′11.221′′ 118◦48′55.427′′ 8.73 26 38◦8′35.324′′ 118◦53′55.815′′ 9.67 47 38◦14′51.026′′ 118◦57′20.382′′ 21.38
6 38◦10′26.026′′ 118◦55′31.334′′ 25.00 27 38◦8′58.727′′ 118◦54′31.065′′ 18.00 48 38◦15′28.451′′ 118◦58′59.854′′ 26.00
7 38◦15′14.378′′ 118◦48′47.141′′ 13.00 28 38◦12′51.577′′ 118◦46′33.851′′ 11.80 49 38◦15′21.194′′ 118◦58′28.706′′ 23.88
8 38◦15′17.532′′ 118◦48′38.830′′ 12.75 29 38◦11′51.329′′ 118◦47′11.960′′ 9.62 50 38◦15′13.898′′ 118◦57′57.407′′ 21.50
9 38◦15′11.792′′ 118◦48′18.430′′ 16.00 30 38◦10′51.110′′ 118◦47′50.093′′ 5.44 51 38◦14′47.305′′ 118◦47′12.758′′ 8.33

10 38◦13′52.956′′ 118◦47′27.762′′ 13.67 31 38◦9′50.856′′ 118◦48′28.209′′ 12.81 52 38◦14′55.867′′ 118◦46′55.874′′ 14.40
11 38◦13′38.289′′ 118◦49′32.524′′ 10.25 32 38◦8′51.122′′ 118◦49′05.992′′ 14.40 53 38◦15′15.444′′ 118◦46′23.098′′ 14.75
12 38◦15′22.392′′ 118◦45′24.160′′ 9.50 33 38◦10′31.501′′ 118◦56′31.520′′ 6.50 54 38◦15′35.003′′ 118◦45′50.350′′ 16.75
13 38◦15′10.623′′ 118◦45′54.851′′ 7.50 34 38◦10′48.020′′ 118◦56′17.790′′ 4.50 55 38◦15′54.592′′ 118◦45′17.536′′ 19.00
14 38◦14′58.852′′ 118◦46′25.540′′ 11.67 35 38◦11′04.538′′ 118◦56′04.057′′ 6.00 56 38◦16′14.163′′ 118◦44′44.746′′ 15.00
15 38◦14′47.079′′ 118◦46′56.226′′ 10.17 36 38◦5′56.911′′ 118◦55′41.783′′ 6.00 57 38◦16′33.734′′ 118◦44′11.951′′ 17.75
16 38◦14′20.103′′ 118◦47′48.698′′ 8.50 37 37◦56′24.973′′ 119◦13′28.386′′ 9.00 58 38◦16′53.283′′ 118◦43′39.146′′ 16.00
17 38◦9′05.299′′ 118◦55′10.320′′ 23.50 38 37◦56′23.958′′ 119◦13′29.568′′ 10.50 59 38◦17′12.862′′ 118◦43′06.349′′ 12.00
18 38◦8′17.413′′ 118◦54′23.899′′ 35.00 39 37◦56′13.302′′ 119◦12′04.466′′ 8.50 60 38◦17′29.534′′ 118◦42′38.384′′ 14.67
19 38◦12′42.606′′ 118◦56′28.897′′ 24.50 40 37◦56′01.755′′ 119◦10′40.617′′ 8.50 61 38◦12′53.977′′ 118◦48′46.351′′ 10.00
20 38◦13′47.422′′ 118◦56′30.587′′ 32.58 41 37◦51′30.354′′ 119◦8′32.770′′ 14.00 62 38◦16′14.429′′ 119◦1′19.094′′ 35.78
21 38◦12′10.039′′ 118◦56′02.593′′ 10.77 42 38◦9′33.488′′ 118◦56′42.908′′ 15.50

Table A3. The mean undrained shear strength of sediments in the range of 10–15 m.

No. Longitude (E) Latitude (N) Cu (kPa) No. Longitude (E) Latitude (N) Cu (kPa) No. Longitude (E) Latitude (N) Cu (kPa)

1 38◦11′37.527′′ 118◦55′36.164′′ 32.54 10 38◦15′22.392′′ 118◦45′24.160′′ 13.25 19 38◦11′51.329′′ 118◦47′11.960′′ 11.65
2 38◦15′11.661′′ 118◦49′07.406′′ 20.00 11 38◦15′10.623′′ 118◦45′54.851′′ 25.00 20 38◦10′51.110′′ 118◦47′50.093′′ 13.22
3 38◦15′11.221′′ 118◦48′55.427′′ 13.00 12 38◦10′26.026′′ 118◦55′31.334′′ 43.00 21 38◦9′50.856′′ 118◦48′28.209′′ 16.17
4 38◦15′14.378′′ 118◦48′47.141′′ 25.00 13 38◦12′42.606′′ 118◦56′28.897′′ 12.15 22 38◦8′51.122′′ 118◦49′05.992′′ 11.00
5 38◦15′17.532′′ 118◦48′38.830′′ 22.50 14 38◦13′47.422′′ 118◦56′30.587′′ 16.70 23 37◦56′13.302′′ 119◦12′04.466′′ 11.00
6 38◦15′11.792′′ 118◦48′18.430′′ 24.50 15 38◦10′22.429′′ 118◦54′48.940′′ 12.00 24 37◦56′01.755′′ 119◦10′40.617′′ 25.67
7 38◦13′52.956′′ 118◦47′27.762′′ 30.00 16 38◦8′35.324′′ 118◦53′55.815′′ 20.00 25 37◦51′30.354′′ 119◦8′32.770′′ 22.00
8 38◦13′38.289′′ 118◦49′32.524′′ 19.00 17 38◦8′58.727′′ 118◦54′31.065′′ 14.87 26 38◦17′29.534′′ 118◦42′38.384′′ 17.50
9 38◦11′37.527′′ 118◦55′36.164′′ 14.00 18 38◦12′51.577′′ 118◦46′33.851′′ 15.60 27 38◦12′53.977′′ 118◦48′46.351′′ 40.00
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Appendix B. Data on CRR

Table A4. Sediment cyclic triaxial torsion shear test data in the research area and CRR.

No. Longitude (E) Latitude (N) Lateral Consolidation
Pressures (kPa) (σ3′)

Sampling
Depth Cycle Number Dynamic Stress Ratio Fitting Formula R2 CRR

1 38◦09′52.4517′′ 118◦56′32.8744′′ 125 12.5

8 0.2261

y = −0.019ln(x) + 0.2711 0.925 0.1836
13 0.2294
24 0.2120
68 0.1898

2 38◦11′25.8671′′ 118◦50′47.5194′′ 30 3
1 0.2617

y = −0.015ln(x) + 0.2639 0.9952 0.194850 0.2104
1495 0.1540

3 38◦16′32.3239′′ 118◦42′32.5437′′ 50 5
11 0.4450

y = −0.047ln(x) + 0.5543 0.9888 0.337956 0.3560
205 0.3080

4 38◦16′02.2446′′ 118◦43′45.4653′′ 100 10
30 0.3320

y = −0.027ln(x) + 0.4274 0.9873 0.303176 0.3190
1366 0.2340

5 38◦15′11.7918′′ 118◦48′18.4296′′ 150 15
1 0.3240

y = −0.002ln(x) + 0.3243 0.9983 0.315112 0.3186
1283 0.3066

6 38◦13′47.4217′′ 118◦56′30.5870′′ 30 3
6 0.5877

y = −0.082ln(x) + 0.7381 0.9609 0.360525 0.4942
56 0.3916

7 37◦56′13.3016′′ 119◦12′04.4655′′ 90 9
1 0.3005

y = −0.027ln(x) + 0.3035 0.9975 0.179248 0.2041
1434 0.1035

8 38◦10′22.4291′′ 118◦54′48.9404′′ 42 4.2
7 0.5548

y = −0.145ln(x) + 0.8374 0.9913 0.169713 0.4721
31 0.3323

9 38◦15′37.8945′′ 118◦59′29.5341′′ 80 8

5 0.4600

y = −0.073ln(x) + 0.5856 0.9834 0.2494
21 0.3830
58 0.2810
124 0.2330
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Table A4. Cont.

No. Longitude (E) Latitude (N) Lateral Consolidation
Pressures (kPa) (σ3′)

Sampling
Depth Cycle Number Dynamic Stress Ratio Fitting Formula R2 CRR

10 38◦14′35.2878′′ 118◦47′26.9503′′ 20 2.3

2 0.5379

y = −0.044ln(x) + 0.5632 0.9615 0.3606
4 0.4920

117 0.3797
166 0.3186

11 38◦14′44.8627′′ 118◦52′08.9572′′ 50 5
232 0.3100

y = −0.03ln(x) + 0.4696 0.9907 0.3314254 0.3000
2143 0.2400

12 38◦13′52.7815′′ 118◦51′30.6558′′ 50 5
162 0.3430

y = 0.0402ln(x) + 0.1399 0.9915 0.3250782 0.4130
1665 0.4350

13 38◦12′58.4168′′ 118◦48′44.4721′′ 120 12
2 0.2780

y = −0.045ln(x) + 0.3193 0.9835 0.112110 0.2310
200 0.0750

14 38◦15′56.3888′′ 118◦49′06.2177′′ 40 4

19 0.7793

y = −0.063ln(x) + 0.9792 0.9774 0.6891
102 0.7142
598 0.5692

2589 0.4523
8372 0.4265

15 38◦16′15.7953′′ 118◦49′03.2053′′ 70 7

23 0.8483

y = −0.067ln(x) + 1.0366 0.9555 0.7281
165 0.6870

1042 0.5178
2997 0.4892
9471 0.4597

16 37◦55′06.6434′′ 119◦08′13.1352′′ 90 9
15 0.3154

y = −0.042ln(x) + 0.4222 0.9794 0.228816 0.3002
94 0.2338

17 38◦13′52.9560′′ 118◦47′27.7619′′ 20 2

3 0.2896

y = −0.018ln(x) + 0.3033 0.9569 0.2204
17 0.2473
77 0.2193
306 0.2086
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Table A4. Cont.

No. Longitude (E) Latitude (N) Lateral Consolidation
Pressures (kPa) (σ3′)

Sampling
Depth Cycle Number Dynamic Stress Ratio Fitting Formula R2 CRR

18 38◦11′49.3949′′ 118◦48′04.5013′′ 20 2
339 0.4025

y = −0.09ln(x) + 0.8989 0.8863 0.48441495 0.1801
7508 0.1199

19 38◦12′53.9775′′ 118◦48′46.3513′′ 30 3

3 0.3712

y = −0.044ln(x) + 0.4047 0.9585 0.2021
14 0.2775
60 0.2080
274 0.1757

20 38◦11′37.5267′′ 118◦55′36.1643′′ 63 6.3
8 0.5097

y = −0.063ln(x) + 0.6429 0.9994 0.352835 0.4208
95 0.3537

21 38◦13′40.2232′′ 118◦56′58.1280′′ 140 14
7 0.3976

y = −0.035ln(x) + 0.4694 0.985 0.308247 0.3406
90 0.3066

22 38◦16′03.9100′′ 118◦50′42.5115′′ 50 5
232 0.3100

y = −0.03ln(x) + 0.4681 0.9882 0.3299254 0.2991
2143 0.2400

23 38◦14′36.9329′′ 118◦47′24.9800′′ 50 5
10 0.7246

y = −0.095ln(x) + 0.9389 0.968 0.501425 0.6138
63 0.5531

24 38◦13′40.2232′′ 118◦56′58.1280′′ 100 10
11 0.3870

y = −0.036ln(x) + 0.4761 0.9574 0.310331 0.3580
64 0.3200

25 38◦16′03.9100′′ 118◦50′42.5115′′ 36 3.6

3 0.4780

y = −0.044ln(x) + 0.5146 0.9653 0.3120
14 0.3880
62 0.3140
279 0.2810

26 37◦54′37.9495′′ 119◦06′41.0577′′ 40 4
7 0.5528

y = −0.145ln(x) + 0.8346 0.9907 0.166913 0.4710
31 0.3300
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Table A4. Cont.

No. Longitude (E) Latitude (N) Lateral Consolidation
Pressures (kPa) (σ3′)

Sampling
Depth Cycle Number Dynamic Stress Ratio Fitting Formula R2 CRR

27 38◦08′35.3239′′ 118◦53′55.8153′′ 80 8

4 0.3012

y = −0.036ln(x) + 0.3297 0.9009 0.1639
15 0.2079
65 0.1674
262 0.1451

28 38◦08′58.7269′′ 118◦54′31.0652′′ 100 10

4 0.3000

y = −0.029ln(x) + 0.3219 0.9225 0.1884
16 0.2267
66 0.1930
274 0.1740

29 38◦19′12.0000′′ 118◦59′24.0000′′ 50 5
1 0.4007

y = −0.029ln(x) + 0.379 0.8479 0.24555 0.3008
123 0.2504
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