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Numerical studies were conducted on the wave-induced residual liquefaction of
a silt—coarse sand layered seabed. Fully dynamic soil equations and residual
seabed response equations were incorporated into the development of a
numerical model. The numerical results were compared with theoretical
solutions and experimental data from previous studies. Relatively good
agreement was found in this comparison, validating the reliability of the
proposed numerical model. The present model was applied to systematically
investigate the wave-induced residual response with a silt—coarse sand layered
seabed. The effects of coverage thickness, permeability, Young's modulus in the
upper silt layer on the residual response of the seabed were carefully examined.
Numerical simulations indicate that the potential liquefaction is prone to occur
with low permeability of the upper silt layer and shallower water depth, and the
effect of coverage thickness of the silt layer on pore pressure and liquefaction
potential is determined by shear stress ratio (y) and effective normalized
spreading parameter (S.) which represent the "generation power” and
“"dissipation potential” for residual pore pressure. The performance of the pore
pressure and liquefaction in the layered seabed is the result of a trade-off
between two non-dimensional parameters.

KEYWORDS

seabed response, layered seabed, pore pressure accumulation, liquefaction,
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1 Introduction

The wave-induced response and liquefaction of porous seabeds are important factors in
beach evolution (Cai et al., 2022) and coastal engineering restoration. When a wave
propagates over a seabed surface, the cyclic wave pressure generates excess pore pressure
within the seabed. The seabed is liquefied if the excess pore pressure exceeds the soil
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overburden pressure. Liquefied soils behave like liquids when the
effective stresses become zero, which causes a substantial possibility
of seabed instability and the destruction of marine structures (De
Groot et al., 2006; Munoz-Perez et al., 2015; Liu et al.,, 2019).

Two mechanisms of wave-induced liquefaction exist in real
environments: momentary liquefaction and residual liquefaction
(Sumer, 2014). Momentary liquefaction is primarily caused by the
attenuation and phase lag of the oscillatory pore pressure along the
seabed depth. This leads to a pressure discrepancy between the
inner bed and the bed surface, i.e., excess pore pressure, which is the
most important factor in the onset of liquefaction (Jeng, 2012).
Numerous previous studies have focused on momentary
liquefaction, including theoretical research (Yamamoto et al,
1978), experimental studies (Qi et al., 2019), and numerical
simulations (Jeng et al., 2013; Zhang et al., 2016; Li et al., 2018;
Sui et al,, 2019a; Liu et al., 2023b). Momentary liquefaction mainly
occurs in sandy seabeds with relatively high permeability and
compressive resistance. Owing to its high rigidity, the elastic
theory of momentary liquefaction is often used to demonstrate
soil behavior. Interested readers can refer to Sumer (2014) for more
detailed information.

The other mechanism is residual liquefaction, which was the
one this study focuses on. Residual liquefaction is caused by the
buildup of pore pressure under cyclic wave loadings, which takes
place in seabeds of sand and silt (Sassa and Sekiguchi, 1999, 2001;
Sumer and Fredsee, 2002; Sassa et al., 2006; Sumer, 2014). Loose
sand has a tendency to shrink under shear loading, this tendency to
volume reduction will translate into an increase in pore pressure in
poorly drained soils. Therefore, residual liquefaction may readily
occur in loose deposits (with low relative densities) of fine sand or
silt with partial drainage. Among the studies on seabed residual
liquefaction, Seed and Rahman (1978) were pioneers in exploring
the buildup of pore pressure under the influence of dynamic wave
loading. In their research, they employed a 1D analytical model to
examine cyclic shear stress, incorporating a nonlinear source term
for the accumulation of pore pressure. McDougal et al. (1989) and
Cheng et al. (2001) further proposed shallow, medium, and deep
seabeds; the solutions of Cheng et al. (2001) were based on the
Fourier transform. Jeng et al. (2007) and Jeng and Seymour (2007)
developed a new model using a nonlinear source term and
compared its performance with that of a traditional linear source
term. Their investigations indicated that the pore pressures
predicted with either the linear source term or the nonlinear
source term are almost identical. In addition, a commonly used
“J-S curve” based on the above research was proposed for a
prediction of residual liquefaction by Jeng and Seymour (2007).
Sumer et al. (2012) conducted wave flume experiments to examine
the residual response of the seabed. They utilized the experimental
data to validate a 2D mathematical model initially proposed by
Sumer and Cheng (1999). Subsequently, this model was expanded
into three-dimensional space by Sui et al. (2019b) to explore the
residual response of a seabed surrounding a monopile foundation.
Sui et al. (2023) investigated the effect of wave exposure history on
the seabed residual liquefaction in the same flume of Sumer et al.
(2012). However, scale effects exist in the 1g wave flume
experiments due to the mismatch between the time-scaling of
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wave propagation (the Froude law) and soil consolidation
process. To avoid this problem, Sassa and Sekiguchi (1999) used
the centrifuge flume combined with the viscous scaling (Sekiguchi
etal., 1995), first demonstrated the comprehensive characteristics of
wave-induced residual liquefaction involving the progressive nature
of wave-induced seabed liquefaction, amplification of oscillatory
pore pressure, effects of wave-induced stress axes rotations, and re-
liquefaction characteristics. They also established the time scaling
laws for the wave-induced liquefaction. Then Sassa and Sekiguchi
(2001) developed the first elastoplastic constitutive model to
consistently describe the effects of wave-induced principal stress
axes rotations based on the PZIII model (Pastor et al., 1990). By
plotting the stress paths under the continuous action of the
progressive wave, it is found that the rotation of the principal
stress axes becomes increasingly pronounced, eventually having a
significant influence on the residual liquefaction. Treating the
progressive liquefaction as a moving-boundary problem, Sassa
et al. (2001) developed a unified theory to consistently describe
the concurrent liquefaction processes involving the wave-induced
progressive liquefaction, maximum liquefaction depth, re-buildup
of residual pore pressure, amplification of oscillatory pore pressure
and the distinct vertical deformation of liquefied soil. In this model,
the completely liquefied state of soil is modelled as a high-density
inviscid fluid corresponding to the mass density of liquefied soil.
The predicted results of the models developed by Sassa and
Sekiguchi (2001) and Sassa et al. (2001) were comprehensively
validated by the relevant centrifuge wave tests (Sassa and Sekiguchi,
1999). Using the same facilities as Sassa and Sekiguchi (1999), the
marine structures of pipelines (Miyamoto et al., 2020) or pile
foundations (Miyamoto et al., 2021) were further considered in
their recent investigations. Because of the significantly increasing
stress levels of soil, experimental observations in a centrifuge flume
can be theoretically treated as an individual prototype in a real
marine environment.

In terms of nonhomogeneous seabeds, Kirca et al. (2014)
conducted experiments focusing on wave-induced liquefaction
within a composite of clay and sand. Their findings revealed a
heightened susceptibility of silt to liquefaction with rising clay
content, up to a critical threshold value. Beyond this threshold,
the combination of silt and clay ceased to exhibit liquefaction
behavior. Sui et al. (2018) numerically examined the residual
response of a nonhomogeneous silt seabed subjected to standing-
wave loading. Their findings demonstrated a notable escalation in
pore pressure beneath the node of standing waves in comparison to
the conditions under the antinode of wave loading. This notable
tendency is consistent with the effects of the rotation of the principal
stress axes shown in Sassa and Sekiguchi (2001). More recently, Sui
et al. (2022) investigated the liquefaction of seashell and sand
mixtures. They found that the liquefaction resistance increases
with an increase in the seashell content of the mixture, and the
seabed is not liquefied when the seashell content is greater than
30%. This is because the high seashell content corresponds to a high
Young’s modulus of the seabed, which suppresses liquefaction. This
research is significant for the ecological protection design of
structures (He et al.,, 2022; Liu et al., 2023a). The aforementioned
studies mostly focused on the seabed response to nonhomogeneous
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sediment deposits. For a layered seabed, which is also commonly
observed in real environments, investigations are relatively rare in
the available literature. Utilizing the partial differential equation
module of COMSOL Multiphysics, Jeng et al. (2019) conducted an
investigation into the residual responses induced by waves and
currents in a seabed situated within the Yellow River Delta of China.
Their research revealed that the multilayer distribution of the
seabed, which is commonly encountered in real seabed
configurations, exerts a substantial impact on both the residual
response and the occurrence of liquefaction in the seabed. Studies
by Jeng et al. (2019) proposed an “antiliquefaction method” that
replaces the surface bed with coarser sand for the prevention of
liquefaction; however, the effects of important seabed parameters
(like the thickness, drainage and stiffness of upper silt layer) on the
layered seabed response and the corresponding residual liquefaction
have not been systematically investigated.

In this article, a systematic numerical study of the wave-induced
residual response and liquefaction of a layered seabed is presented.
The effects of important wave and seabed parameters, such as
permeability, Young’s modulus, and water depth, on the seabed
residual response were carefully examined. The remainder of this
article is organized as follows: The governing equations and model
validations are described in Section 2. The simulation results of pore
pressure accumulation in layered seabeds are presented in Section 3.
Section 4 includes the discussion about pore pressure generation
and dissipation to explain the results in Section 3; the residual
liquefaction in layered seabed is also analyzed. Finally, the summary
of conclusions is provided in Section 5.

2 Numerical model

Following previous studies on wave-induced residual
liquefaction, the oscillatory response is closely related to the
accumulation of pore pressure (Sassa and Sekiguchi, 2001; Sumer
et al., 2012; Jeng and Zhao, 2015; Sui et al., 2019b; Duan and Wang,
2020). In the elastoplastic model like Sassa and Sekiguchi (2001),
the oscillatory and residual pore pressure, soil stresses and
displacements are solved and coupled. In Sumer et al. (2012);
Jeng and Zhao (2015) and Sui et al. (2019b), the oscillatory
response and the residual response are solved separately. The
model used in the present study has two modes for pore pressure
variation: the oscillatory and residual modes. The governing
equations for both modes are presented in detail in this section.

2.1 Oscillatory model

The fully dynamic (FD) model based on Biot’s theory and the
soil elastic constitutive relation are used to investigate seabed
oscillatory responses. This model is frequently employed to
simulate the dynamic behavior of soil, accounting for both the
acceleration of the soil skeleton and the pore fluid. The governing
equation of the FD model can be expressed as follows (Zienkiewicz
et al., 1980):
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Oyjj + Pgi = Pil; + P, ey
. PPWi PG .
= Pins,i t Pr&i = Pridi + I f—gWi (2)
n k;
Ui + Wi = —1Pip (3)

The variables are defined as follows: o;; represents the total soil
stress (Pa), p stands for the average density of the porous medium
(kg/m?), py denotes the density of pore fluid (kg/m?), g; represents
the gravitational acceleration in the i-direction (m/s*), u; is
the soil displacement in the i-direction (m), w; signifies the
relative displacement of the fluid respect to the solid skeleton in
the i-direction (m), k; represents the soil permeability in the i-
direction (m/s), and n stands for the porosity of the solid phase. 8in
Equation (3) is the compressibility of the pore fluid. The expression
of Bis:

5= 1.1-5
Ky prgd

Where K¢ is the bulk modulus of the pore fluid (N/ m?), S, is the

saturation of soil. The shear stress of the soil under the action of

(4)

waves can be obtained by solving the oscillatory response of the
seabed, which is adopted as a driving force for the seabed residual
response (Seed and Rahman, 1978). More details about the
oscillatory model which involves the stress-strain relation,
discretization scheme et al., interested readers can refer to the
authors’ previous publication of Sui et al. (2019a).

2.2 Residual model

According to Jeng (2012), the governing equations for the
seabed residual response in a 3D space can be written as
(Equation 5)

9pr (azpr

ot \ox 9y

Pp. Pp,
P, azpz)+f(x,y,z,t) (5)

where p, designates the residual pore pressure (Pa), C, is the
coefficient of soil consolidation (m?%/s), and f denotes the source
term for the accumulation of pore pressure (Pa/s). Here, C, and fare
defined as (Equations 6 and 7)

kE

RRE ©
0 [|t(xp,2, 1) ]
sonsn = [F2] 7

where E represents the Young’s modulus of soil (Pa), ¥, is the
unit weight of water (N/m®), T is the period of wave loading (s),
while o4 and B, are empirical parameters that can be determined
using the following expressions (Sumer et al., 2012) (Equations 8-
10):

o, = 0.34D, +0.084 (8)
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B, = 0.37D, — 0.46 )

€max — €

D, = (10)

€max ~ €min

1+ 2K,
=0y, (11)

0-0 = 3

T=4/TL + 1T, + T3 (12)

Here, 7., T,., and 7,, are the shear stresses of the soil in space
(Pa) (Equation 12), which are obtained from the oscillatory module
of the present model. It should be noted that the saturation degree
(S,) can have an influential role in pore pressure accumulation. This
impact is included in the oscillatory model in section 2.1, as seen in
Equations 1-4. The oscillatory model provides the shear stress for
the source (f) of the residual model.

2.3 Boundary conditions

To address the governing equations mentioned above, it is
essential to impose appropriate boundary conditions. In this model,
the lateral boundary and the bottom boundary of the seabed are
treated as rigid and impermeable. Consequently, the seabed
displacements and the normal gradients of pore pressure are
constrained to zero (Equation 13).

apins(pr) =0

on (13)

Usoil = 0,

At the interface between the seabed and water, the residual pore

pressure is maintained at zero, while the oscillatory pore pressure

equals the dynamic wave pressure. Furthermore, the vertical

effective normal and shear stresses become negligible at this
juncture (Equation 14):

Pins = PPy = 0,0, =0,T,, =T, = 0 (14)

According to the linear wave theory, the dynamic wave pressure
exerted on the seabed surface can be expressed as (Equation 15):

nH

:mcos(ax: a)t) (15)

)4

where H represents the wave height (m), d denotes the water

depth (m), o stands for the wave number (m™), and @ is the wave
frequency (s™h.

2.4 Model validation

To ensure the model’s reliability, it is essential to conduct
verification before its practical application. Three validation
cases are performed, involving the comparison of model
results with previous analytical solutions and experimental data.
The wave and seabed parameters for the validations are listed
in Table 1.

Frontiers in Marine Science

10.3389/fmars.2024.1360641

For the first validation, the proposed model is subjected to
comparison with an analytical solution for the oscillatory seabed
responses as previously presented by Jeng (2012). In this case, the
wave is obliquely incident at an angle of 45°. The distributions of
oscillatory pore pressure and soil stresses under short-crest wave
loading are shown in Figure 1. The present numerical result and the
previous analytical solutions agree relatively well. Note that, the
present numerical model adopted the same governing equations,
boundary conditions, wave loading etc. as the analytical model. The
good comparison shown in Figure 1 proves that the discretization
method and numerical scheme used in the numerical model were
appropriate and reliable for the present simulation.

For the second validation, the reliability of the proposed model
in forecasting pore pressure accumulation is assessed using residual
pore pressure data obtained from a wave flume test conducted by
Sumer et al. (2012). In this test, pressure transducers were
positioned at varying depths within a silt pit. Figure 2 presents a
comparative analysis of the vertical distribution of residual pore
pressure with respect to seabed depth, contrasting the findings from
the present numerical simulation with both the numerical
simulations and experimental data from Sumer et al. (2012). The
proposed model predicted the accumulation of pore pressure
relatively well. It is noted that, due to the mismatch of timescales
between wave propagation and soil consolidation, scale effects exist
when expanding the standard wave flume experimental results from
laboratory scaling to field scaling. The present model is based on the
theory of Seed and Rahman (1978) where the important coefficients
o and 3 were obtained from the large-scale cyclic shear test by
Peacock and Seed (1968), and Alba et al. (1976). Therefore, the
present model is capable of simulating the seabed residual response
on a large scale. Figure 2 shows that the present model can also
simulate the residual response in a standard flume test on a small
scale as well. This is because that the alterations in soil behavior with
depth appear to have limited significance in relatively shallow soil
layers, precisely where the primary occurrence of wave-induced
pore pressure buildup and liquefaction takes place (Sumer, 2014).

The third validation pertains to the assessment of the wave-
induced response in a layered seabed. Hsu et al. (1995) established a
semi-analytical solution for pore pressure and soil stresses in a
layered seabed subjected to dynamic wave loading. Figure 3
illustrates a comparison between the simulated results
(represented by solid lines) and the analytical results (labeled
data) with respect to the vertical distribution of pore pressure and
soil stress in a layered seabed. As shown in Figure 3, the simulation
results and analytical solution agreed relatively well. The reason for
the error may be that the present model retains the spatial gradient
terms of the soil nonhomogeneous parameters in the governing
equations, which were not considered by Hsu et al. (1995).

3 Results

Layered seabeds are commonly encountered in natural
environments. Numerous studies have been conducted on layered
seabeds with oscillatory seabed responses. This study focuses on the
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TABLE 1 Wave and seabed parameters for numerical simulation.

Parameters for model validation

Parameters Notation The first validation secondT\t]:lidation \2:;;?:;:
Wave Water depth (m) d 10 0.55 20
Wave height (m) H 0.1 0.18 6
Wave period (s) T 12 1.6 10
Wave length(m) L 113.27 3.18 121.12
Seabed Seabed depth (m) Riotal 25 0.4 50
Permeability (ms™) k 1x1072 1x107° /
Shear modulus (Pa) G 1x107 1.92 x 10° 1x107
Poisson ratio u 0.3333 0.29 0.3333
Porosity n 0.3 0.51 0.3
Saturation S, 0.975 1.0 0.975
Relative density D, / 0.28 /
Coefficient of lateral earth pressure Ky / 0.42 /
Submerged specific weight of the soil (N/m?) Y / 8140 /
Ratio of the depth of upper layer and lower layer hy/h, / / 10/40
Ratio of the permeability of the upper and lower layers ki/ks / / 0.01, 10 and 100

Parameters for model application

Parameters Notation Magnitude
Wave Water depth (m) d 15
Wave height (m) H 2
Wave period (s) T 8
Seabed Total thickness (m) Riotal 50
Lower sand layer Porosity n 0.4
Poisson ratio u 0.3
Saturation S, 0.98
Relative density D, 0.3
Coefficient of lateral earth pressure K, 0.4
Submerged Spe(cli\]ﬁ/; v;f)eight of the soil v 8140
Permeability (m/s) ko 1x107°
Young’s modulus (Pa) E, 1x107
Upper silt layer Thickness(m) h 0~20
Porosity n 0.4
Poisson ratio u 0.3
Saturation S, 0.98
Relative density D, 0.3
Coefficient of lateral earth pressure Ko 0.4
Submerged spez:li\fli/(;n v;f)eight of the soil Y 8140
Permeability (m/s) k 1x10°~5x%x107°

Young’s modulus (Pa)

Frontiers in Marine Science 05
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z/h

Comparison of vertical distribution of maximum pore pressure and soil stresses between the present simulated results and the analytical solution by
Jeng (2012), (A) pore pressure and the horizontal normal stress (B) shear stresses and the vertical normal stress.

residual response and liquefaction of a two-layered seabed, where
the silt layer is placed on top of a sand layer (Figure 4). The soil and
wave parameters used in the numerical simulation are listed in
Table 1, which can be found in the part “parameters for
model application”.

3.1 pore pressure accumulation in
layered seabed

The spatial distribution of pore pressure for a “standard” case
(using all the default values in Table 1) at (a) t =40T and (b) t = 100T
are shown in Figure 5. The interface between the upper and lower
layers is delineated by the black dashed line. The figure illustrates that
the pore pressure in the upper layer (located above the dashed line)
exceeded that in the lower layer (situated below the dashed line). In
addition, comparing Figures 5A, B reveals that, when the time lasts

Present model
- --- Sumer et al. (2012) model -
A Experiment data

-0.05

-0.1

-0.15

-0.2

Depth z(m)

-0.25

-0.3

-0.35

15 20
ph (em)

-0.4
35

FIGURE 2

Comparison of vertical distribution of residual pore pressure
between the present numerical simulation and both numerical
simulation and experimental data by Sumer et al. (2012).
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from t =40T to t = 1007, the pore pressure in the upper layer increases
significantly, varying from approximately 1 x 10* to 2.5 x 10* Pa. In the
lower sand layer, the pore pressure exhibits almost no change, with a
value of approximately 0.5 x 10* Pa. This indicates that the pore
pressure increased significantly in the upper silt layer, whereas it hardly
increased in the lower sand layer. This is because the upper silt part has
partial drainage conditions, which makes it more capable of pore
pressure buildup. However, the lower sand layer has relatively high
permeability, which means that pore pressure dissipation is easier than
pore pressure accumulation. Another reason is that the shear stresses in
the soil of the upper silt layer are much larger than those in the lower
part, which provides more “power” for the accumulation of the pore
pressure (which will be discussed in detail in the next section).

Figure 6 presents the time series of pore pressure accumulation
at a depth of z = -15 m within the lower sand layer for various upper
silt layer depths. It is evident that pore pressure gradually increases
with time due to the generation of excess pore pressure. In Figure 6,
the influence of the upper silt layer’s coverage thickness on the pore
pressure in the lower sand layer is depicted. Figure 6 shows that,
during the period from 0 to 800 s, the pore pressure increased
slightly if there was no silt layer coverage (h = 0 m) (black solid line).
When the coverage thickness of the upper silt layer was h = 5 m, the
pore pressure increased dramatically from zero to approximately
1.8 x 10" Pa during the same period (red solid line). However, the
maximum pore pressure then decreased significantly when the
coverage thickness increased (h = 10 m for the red dashed line
and h = 15 m for the blue solid line). This indicates an “increase—
decrease” pattern with the increase in depth of the upper silt layer,
which is more clearly shown in the nested graph of Figure 6 with
quantitative plotting. Here, p,. max indicates the pore pressure at t =
800 s, which was the end of the simulation. The nested graph of
Figure 6 shows that there was a peak value (p,, max = 1.8 X 10* Pa)
when the coverage thickness of the upper silt layer h was
approximately 5 m.

The effect of the coverage thickness of the upper silt layer (/) on
the vertical pore pressure distribution at t = 1007 is illustrated in
Figure 7. In this plot, the coverage thickness h ranges from 0 to 9 m.
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z/h

1.2

Comparison of vertical distribution of the (A) pore pressure and (B) effective stress in a layered seabed between the present numerical simulation

(solid line) and a semi-analytical solution (labels) by Hsu et al. (1995).

The figure illustrates a rapid initial increase in pore pressure,
followed by a substantial decrease in the vertical direction.
Notably, in the absence of silt layer coverage (h = 0 m), minimal
pore pressure accumulation was observed in the vertical direction.
Moreover, the coverage thickness was found to exert significant
effects on the vertical distribution of pore pressure. For the various
coverage thicknesses (h), the vertical locations for the maximum
pore pressures were roughly constant at approximately z = —0.15
htora- However, the maximum values exhibited a significant
discrepancy at different coverage thicknesses. The maximum pore
pressure increased with an increase in coverage thickness for h
varying from 0 to 5 m. Subsequently, the maximum pore pressure
had a large decrease with increasing h. For instance, the maximum
pore pressure P, was 16 kPa for i = 3 m, 18.3 kPa for h =4 m, and
25 kPa for h = 5 m, but it decreased to 16 kPa when h = 6 m.
The impact of the permeability (k) and Young’s modulus (E) of
the upper silt layer on the vertical distribution of pore pressure is
depicted in Figures 8A, B. The dashed line demarcates the interface

hroml =15m

Soil2: coarse sand
ho

———>» Rigid impermeable bottom
Oplon=0

T v
FIGURE 4

Sketch for the wave-layered seabed interaction.
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between the silt and sand layers. Figures 8A, B demonstrate that
pore pressure accumulation predominantly transpires above the
dashed line, signifying that pore pressure accumulates more readily
in the silt layer, while it is more challenging to generate in the lower
sand layer. In addition, the maximum pore pressure (P, max)
increases with decreasing permeability. It is reasonable to assume
that decreasing permeability indicates a partial drainage condition
of the seabed, which would promote an increase in pore pressure.
Regarding the effects of Young’s modulus, as shown in Figure 8B,
the maximum pore pressure basically increases with an increase in
Young’s modulus, except for one case (E = 8 x 10° Pa). For instance,
the pore pressure at E = 8 x 10° Pa is approximately 17 kPa, which is
larger than that of 15 kPa at E = 6 x 10° Pa.

In addition to soil parameters, water depth are also important
for pore pressure accumulation. Figure 8C illustrates the vertical
distribution of (a) pore pressures and (b) shear stresses in the soil at
different water depths. As indicated in Figure 8C, the predominant
pore pressure accumulation was observed in the upper silt layer. In
addition, for the various water depths, the locations for the
maximum pore pressure are all approximately z/hps,; = —0.1. The
maximum pore pressure increases significantly with decreasing
water depth.

3.2 pore pressure generation
and dissipation

Pore pressure within the seabed arises from two primary
physical mechanisms: pore pressure generation and dissipation
(Seed and Rahman, 1978). The source term (f) in Equation (4) is
accountable for pore pressure generation and encompasses crucial
variables such as shear stresses 7, (for the 2D cases) and the initial
effective soil stress (o) defined by Equation (11). Greater shear
stress 7,, indicates a higher potential for pore pressure generation
(Jeng et al., 2007; Jeng and Zhao, 2015). Sassa and Sekiguchi (1999)
firstly defined the “shear stress ratio ())” rather than the shear stress
to serve as an index of the severity of wave loading, on which the
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pore pressure generation depends on. The shear stress ratio is
defined as the ratio of shear stress and the soil initial effective
stress (Equation 16):

T

- (16)

X

The calculation of shear stress (7) is detailed in the oscillatory
mode of the model (see Section 2.1).

On the other hand, pore pressure dissipation is regulated by the
normalized spreading parameter S, which characterizes the ability
of pore pressure to propagate through the soil skeleton. Parameter S
is expressed as (Equation 17) (Sumer, 2014).

C,T
S= va

17)

Here, in the given equation, L represents the wave length (m),
and T represents the wave period (s). This parameter is first defined
by Sassa and Sekiguchi (1999) and Sassa et al. (2001) (named the
partial drainage factor in their paper). As outlined by Sumer (2014),
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Time series of pore pressure variation with different coverage
thicknesses of the upper silt layer.
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the impact of the spreading parameter on pore pressure
transmission can be understood from a physical perspective: a
higher value of S implies enhanced spreading and dissipation of
excess pore pressure.

The vertical distribution of shear stress of soil 7,, the shear
stress ratio y and the effective normalized spreading parameter S,
with various coverage thicknesses of the upper silt layer are shown
in Figures 9A-C. The effective normalized spreading parameter S, is
newly defined in this study, which considers the effects of the upper-
layered silt on the values of S above the point of concern. A detailed
calculation of S, can be found in the Appendix (Figure 10).
Figure 9A demonstrates that, akin to the vertical distribution of
pore pressures, the shear stress 7, initially rises but subsequently
declines with increasing seabed depth. The obvious disconnection
in the curved line of the shear stress distribution is caused by the
sudden change in the soil properties at the interface between the silt
and sand layers. This disconnection was likewise observed in the
pore pressure distribution, as depicted in Figure 7, and it is more
pronounced in the shear stress distribution presented in Figure 9A.
This observation suggests that the potential for pore pressure
generation (7,;), diminishes at both the surface and bottom of the
seabed, while exhibiting a peak value at the midpoint. Additionally,
the maximum value of shear stress 7,. increased as the coverage
thickness followed by a decrease with an increasing h. This is also
similar to the basic conclusions obtained on pore pressure variation
(Figure 7). Figure 9B illustrates the effects of the coverage thickness
h on the maximum shear stress ratio y. Note that, the shear stress
ratio y could be seen as the “power” for the generation of the pore
pressure (Sassa and Sekiguchi, 1999). This means that a larger
corresponds to a greater likelihood of pore pressure accumulation.
Figure 9B shows that, in the vertical direction, the maximum shear
stress ratio y greatly decreases with the increase of the seabed depth.
For an increasing coverage thickness A, there is a decrease in the
maximum shear stress ratio. The above simulation results indicate
that the pore pressure at the upper seabed layer has more power to
accumulate with a smaller coverage thickness h. The effects of
coverage thickness (h) on the vertical distribution of S, are shown in
Figure 9C. The effective normalized spreading parameter S,
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exhibited an increase in value with the ascending seabed depth. This
trend can be attributed to the significantly higher Young’s modulus
E associated with the lower sand layer. This indicates that the pore
pressure dissipation ability increases with seabed depth when the
upper seabed has partial drainage. Moreover, Figure 9C illustrates
the effective normalized spreading parameter S, diminishes as the
coverage thickness of the upper silt layer (h) increases. This
relationship can be readily inferred from the definition of S,,
taking into account that the Young’s modulus E is lower for the

10.3389/fmars.2024.1360641

upper silt layer. This implies that the ability of pore pressure
dissipation decreases with an augmentation in coverage
thickness (h).

Figure 11 shows the (A) the maximum pore pressure (obtained
from Figure 7) and (B) the shear stress ratio y, the normalized
spreading parameter S, with various thicknesses of the upper layer
h. It shows that, the increase in the thickness of the upper layer (h)
results in a rise of residual pore pressure until & reaches 5 m. After
that, residual pore pressure exhibits a decreasing trend
(Figure 11A). The reasons can be explained in Figure 11B for
illustrating the changing trend of y and S, with various thickness of
the upper layer. Figure 11B shows that an increase in the coverage
thickness would cause a monotonically decreasing trend in y and S..
As per the definitions provided in Figure 9, it can be inferred that an
increase in the value of h results in a decrease in the shear stress
ratio y, which in turn leads to a potential decrease in the pore
pressure. On the other hand, a decrease in the value of S.
corresponds to a potential increase in the pore pressure. The
shear stress ratio (implying generation) and the normalized
spreading parameter (implying dissipation) are the two important
factors that govern the residual pore pressure. As shown in
Figure 11A, the turning point for pore pressure variations
occurred at a depth of 5 meters. This suggests that, for the
current scenario, the normalized spreading parameter S, has a
dominant effect on the pore pressure when the depth is less than
5 meters. However, when the depth exceeds 5 meters, the dominant
factor that affects the pore pressure is changed to the shear stress
ratio y.
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the upper silt layer;.

To figure out the reason for the effect of permeability and
Young’s modulus on pore pressure accumulation, Figures 12A-F
illustrate the vertical distribution of 7,, y and S, with various
permeabilities (k) and Young’s modulus E. As shown in
Figures 12A, B, the shear stress and shear stress ratio did not
change significantly when the permeability (k) decreased from 5 x
107 to 6 x 107° m/s. This indicates that the influence of
permeability (k) on pore pressure generation is limited.
Figure 12C shows that S, decreases continuously with decreasing
permeability. This inhibits pore pressure dissipation, resulting in an

interface

V4

htotal

FIGURE 10
Sketch map for the definition of effective spreading parameter Se.
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increase in the maximum pore pressure, as shown in Figure 8A. The
effects of E on the vertical distribution of 7., y and S, are shown in
Figures 12D-F, illustrating that, in the upper silt layer, all of the 7.,
x and S, have an increase with an increase in E. Detailed comments
for this phenomenon will be proposed in the “Discussion”.

For the various water depths, only the factor for pore pressure
generation is affected. The vertical distributions of shear stresses
(7..) and shear stress ratio () with various water depths are shown
in Figures 12G, H. It is clear that the shear stress (7,,) and shear
stress ratio () decrease with the increase in water depth (d). It is
reasonable to assume that increasing the water depth would
decrease the dynamic wave pressure at the seabed surface and
weaken the soil response. This further decreases the shear stress
(7x,) and the shear stress ratio (y) of the soil, which would
correspondingly reduce the pore pressure generation capability.
As a result, the maximum pore pressure decreases with increasing
water depth, as shown in Figure 8C.

3.3 liquefaction

The assessment of wave-induced liquefaction was conducted
with a meticulous examination to determine the stability of the
seabed. It is widely acknowledged that liquefaction occurs when the
excess pore pressure surpasses the initial effective stress (),
leading to a complete loss of soil resistance. In line with Jeng
(1997)’s work, the criterion for the initiation of liquefaction is
formulated as follows:
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_ (1+2Ko) Y= (18)

3 Z=pr

In this equation, y represents the submerged specific weight of
the soil (N/m?), and K, = 0.42 stands for the coefficient of lateral
earth pressure.

Based on the liquefaction criterion (Equation 18), the
liquefaction depths for various coverage thicknesses in the upper
silt layer are shown in Figure 13. The dashed line in Figure 13A
corresponds to the overburden pressure of the soil in the vertical
direction. The point of intersection between the pore and
overburden pressures designates the liquefaction depth (z;). As
depicted in Figure 13, the liquefaction depth is zero when h = 0, as
there is minimal accumulated pore pressure in the absence of an
upper silt layer (Figure 7). However, as the coverage thickness
increases, the liquefaction depth also rises, reaching z; = 4.5 m when
h =5 m. Subsequently, the liquefaction depth decreases significantly
with increasing coverage thickness. This trend of pore pressure
variation with coverage thickness is quantitatively shown in
Figure 13B for clarity.

Figure 14 depicts the influence of permeability (k), Young’s
modulus (E) of the upper silt layer, and water depth (d) on the
liquefaction depth. Same as Figure 13A, the dashed lines in
Figures 14A, C, E mark the soil initial effective stresses. It is
evident that the liquefaction depth substantially diminishes with
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an increase in the permeability of the upper silt layer, as displayed in
Figure 14A. An increase in permeability is anticipated to facilitate
the dissipation of accumulated pore pressure, leading to a reduction
in the liquefaction depth. In addition, Figure 14B shows that
increasing the Young’s modulus first increases the liquefaction
depth to the peak (z; = 3.85 m) and then decreases it. This
phenomenon is attributed to the non-monotonic impact of
Young’s modulus on pore pressure, as demonstrated in Figure 8B.
Furthermore, Figure 14C illustrates the effects of water depth (d) on
the liquefaction depth of a layered seabed, where it is evident that
the liquefaction depth decreases with increasing water depth. In
practical engineering contexts, this implies that liquefaction is more
likely to occur in relatively shallow water.

4 Discussion

Based on the simulation results, the effect of an upper-coverage
silt layer on the seabed pore pressure development and liquefaction
potential has been investigated in detail in the present study. This
form of layer is common in the real marine environment, resulting
in low permeability and drainage in the shallow seabed, where is the
primary occurrence of wave-induced pore pressure buildup and
liquefaction takes place (Sumer, 2014). Based on the geological
survey results (like Figure 2 in Jeng et al. (2019)), the existence of
this form of layered seabed (the upper-coverage silt layer) in reality
can be demonstrated. The present case setup is similar to the “T'ype
C” in Jeng et al. (2019).

Regarding the effect of Young’s modulus on the pore pressure
accumulation. Figures 12D-F suggest that both the abilities of pore
pressure generation and dissipation are enhanced with increasing
Young’s modulus, which agrees with previous studies on the seabed
oscillatory response (such as Thomas, 1989, 1995; Hsu et al., 1995;
Jeng, 2012). Consequently, unlike permeability, there exists no
monotonic correlation between E and the affected pore pressure.
This underscores the complex influence of E on pore pressure,
contingent upon the specific input values for the calculation.
Notably, a substantial surge in shear stresses and shear stress ratio
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are observed at the interface between the upper silt layer and lower
sand layer, particularly noticeable when E is relatively low. This is
mainly caused by the significant change in soil properties between
the two layers. However, this happens at a relatively deep location of
z/hyora = —0.2, where the overburden pressure is much larger.
Therefore, a relatively small source term (f) exists that does not
affect the maximum pore pressure that much in the upper silt
layer (Figure 8B).

We have observed that the thickness of the coverage layer plays
a pivotal role in shaping the pattern of pore pressure development
along the seabed depth. The simulation results reveal that the
maximum residual pore pressure and liquefaction depth occur in
scenarios featuring a medium-thickness upper layer (5 meters in
this study), as depicted in Figures 7, 13. The intricate dynamics
leading to this outcome have been thoroughly examined through
the lens of pore pressure generation and dissipation, elucidated in
Figure 11. This emphasizes the imperative consideration of the
liquefaction risk associated with relatively thin silt upper layers in
the design of marine and offshore engineering projects.
Simultaneously, a notable concern arises when employing the ‘top
layer replacement’ strategy to augment seabed bearing capacity. The
comparative permeability of coarse sand, in contrast to silt,
facilitates easier penetration of dynamic wave pressure, thereby
intensifying the downward transmission of dynamic pressure. If
permeability is sufficiently elevated or the thickness of the
replacement layer fails to appreciably attenuate wave energy, it is
equivalent to the marginally weakened waves act on the surface of
the silt layer. Assuming an initially substantial upper-coverage layer,
e.g., 10 meters or more, replacing a segment with coarse sand could
reduce the thickness of the silt layer to a ‘medium thickness’. This
scenario may amplify liquefaction potential compared to the
original seabed conditions. Consequently, we advocate for the
careful consideration of this prospect in the strategic
implementation of top layer replacement in engineering designs.

It should also be noted from Figures 7, 13 that, when the
thickness of the upper-coverage silt layer is larger enough (about 7
m in the present study), the effect of the upper-layer thickness on
the pore pressure accumulation and liquefaction becomes
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negligible. At this situation, the seabed can be seen as a pure silt
seabed, the effect of the lower sand layer can be neglected (because
the pore pressure cannot penetrate the upper layer to reach there).
This means the layered seabed with a sufficiently thick low
permeable top layer can be considered as homogeneous. It
proposes a simplified approach to preliminarily evaluate the
liquefaction potential of the multi-layered seabed in
engineering designs.

The effect of coverage thickness on pore pressure and
liquefaction potential is determined by two important parameters,
shear stress ratio () and normalized spreading parameter (S),
which can be seen as the mechanism behind the seabed response.
The former represents the “generation power” while the latter
denotes “dissipation potential” for residual pore pressure and
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liquefaction. This phenomenon occurs in the layered seabed as
well as in any general seabed, where the type of seabed affects the
balance between these two parameters. For the present study, an
increase in the upper silt layer’s thickness corresponds to an
increase in the generation power and a decrease in the dissipation
potential, as shown in Figure 11B. This results in a complex trend of
pore pressure, which includes an “increase-decrease” pattern, as
illustrated in Figure 11A.

5 Conclusions

The numerical investigation of wave-induced residual response
and liquefaction in a silt-coarse sand layered seabed was conducted.

frontiersin.org


https://doi.org/10.3389/fmars.2024.1360641
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Sui et al.

The model’s accuracy was initially verified through comparison
with established analytical solutions and experimental data,
demonstrating a reasonable level of agreement. Subsequently, the
study meticulously examined the influence of various factors,
including the coverage thickness, permeability, Young’s modulus
of the upper silt layer, and water depth, on pore pressure
accumulation and liquefaction. The underlying mechanisms
driving these effects were elucidated through a comprehensive
quantitative analysis of the power (shear stress ratio) and
dissipation (effective spreading parameter) involved in pore
pressure accumulation. The following conclusions were drawn:

(1) The influence of silt coverage on the response and
liquefaction behavior of silt-coarse sand layered seabed is
notably substantial.

(2) The vertical pore pressure consistently declines as the
permeability of the upper silt layer and water depth
increase. However, when it comes to increasing the
Young’s modulus, the trend in pore pressure is no longer
monotonic and varies depending on the specific
values chosen.

(3) For the silt-coarse sand layered seabed, the potential
liquefaction depth primarily depends on the soil
properties of the upper silt layer and water depth. For
instance, the seabed is prone to liquefaction with lower
permeability in the upper silt layer and shallow
water conditions.

(4) The shear stress ratio (7/0y’) and the effective normalized
spreading parameter (S,) within the soil are the two
primary factors that dictate the accumulation of pore
pressure and the potential depth of liquefaction in a
layered seabed.

Limitation and future work

The present model is based on the parameterized linear-elastic
assumption, where the pore pressure accumulation is driven by an
empirical source term (Equation 7). This method was first proposed
by Seed and Rahman (1978) and continued to be developed in the
following decades (McDougal et al., 1989; Cheng et al., 2001; Jeng
and Seymour, 2007; Jeng et al., 2007; Sumer et al., 2012; Sumer,
2014; Jeng and Zhao, 2015; Sui et al., 2019b). Although its feasibility
in predicting the pore pressure accumulation and residual
liquefaction has been demonstrated by these studies, the model
doesn’t include the following two major characteristics of the wave-
induced residual liquefaction, namely the progressive nature of
liquefaction and principal stress axes rotations (Sassa and Sekiguchi,
1999, 2001; Sassa et al., 2001). According to the research by Sassa
et al. (2001) and Miyamoto et al. (2004), the liquefied soil under
waves can be seen as a high-density inviscid fluid that has a mass
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density of liquefied soil. The interface between the liquefied soil and
the unliquefied soil is treated as a moving boundary. The present
model focuses on the liquefaction potential with a basic assumption
that the seabed is in solid phase. Simulations for the soil behavior in
liquid phase need to be more sophisticated e.g. the elastoplastic
model which will be included in the future studies.
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Appendix: definition of the effective
normalized dissipation parameter S,

The effective normalized spreading parameter S, is defined
under the assumption that the accumulated pore pressure
primarily spreads upward from the inner seabed to the surface.
This assumption is justified by the impermeable nature of the
seabed bottom and the zero pore pressure boundary condition at
the seabed surface. Consequently, the effectiveness of pore pressure
dissipation is primarily influenced by the coverage thickness above
the specific point of interest.

Figure 10 Sketch map for the definition of effective spreading
parameter S, shows a sketch map of the definition of the effective
spreading parameter S,. The spreading parameters in the upper silt
layer and lower sand layer are denoted as S and S, respectively.
Point A is a point of concern with a vertical distance z (the upward
direction is positive) from the seabed surface. The effective
normalized spreading parameter S, is expressed.

The effective normalized spreading parameter Se is expressed in
Equation Al.

S -z<h
S = (A1)
e s - h-(:rh) .S 2> h
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