
1

Vol.:(0123456789)

Scientific Reports |        (2023) 13:19061  | https://doi.org/10.1038/s41598-023-45485-6

www.nature.com/scientificreports

Dynamic response and liquefaction 
potential of porous seabed induced 
by partial standing ocean waves
Guocai Wang 1,2*, Yiyang Liu 2, Kai Liu 3 & Chate Xu 2

The analysis of ocean wave-induced dynamic response of a porous seabed is particularly important 
for coastal and geotechnical engineers when designing and constructing maritime structures. In 
this study, an analytical solution is presented to analyze the dynamic response and liquefaction 
potential of a poro-elastic seabed induced by partial standing waves with arbitrary reflectivity. 
The porous seabed is modeled using Biot’s theory describing the propagation of elastic waves, and 
coupled deformation and water flow of porous media, whereas the ocean waves are described using 
linear ocean wave theory. Based on the mixed boundary-value conditions, explicit expressions 
of displacements, effective stresses and excess pore water pressure of seabed are derived with 
consideration of the effects of inertial forces, compressibility of solid and fluid, and arbitrary 
reflectivity of standing waves. The results of degenerated analytical solutions are compared with 
the existing ones to verify the correctness of the proposed method. The effects of several pertinent 
parameters of ocean wave-seabed system, including reflection coefficient, phase lag and period of 
standing waves, depth of water, permeability, degree of saturation, and shear modulus of seabed 
deposits, etc., on the dynamic response of seabed and liquefaction potential, are examined and 
discussed. It is found that the reflection of standing wave has a significant effect on the dynamic 
response and liquefaction potential of porous elastic seabed. Compared with that of no wave 
reflection, the liquefaction depth of seabed induced by fully-reflected standing waves increases 
82.49% under certain conditions of wave-seabed system. In addition, phase lag, wave period, water 
depth and mechanical and physical properties of seabed soil such as saturation, permeability and 
shear modulus have different effects on the dynamic response and liquefaction potential of porous 
elastic seabed. The investigation of the dynamic response and liquefaction of the porous elastic 
seabed under partial standing ocean waves will help to better predict the influence of standing waves 
on breakwaters and seabed soil, and can provide some guidance for the design of offshore structures.

When progressive ocean waves arrive normally at maritime structures, such as wharf, breakwaters, offshore oil 
platform, seawalls, caisson structures, piers, levees, etc., they may be reflected partially or fully from it, resulting in 
standing waves. According to the theories of linear water waves, the height of resultant waves may reach twofold 
of its incident component for fully reflected cases. Compared with that of progressive water waves, a stronger 
wave impact on the maritime structures will be produced, accompanied by complex interactions between water 
and soil particles, which will enhance the scour and possibility of slope failure of sedimentary  bed1–4. Therefore, 
it is necessary to evaluate the variations of stresses, pore water pressure and liquefaction susceptibility of marine 
sediments induced by ocean waves in detail when designing and constructing offshore structures.

Numerous investigations focusing on the dynamic interactions among waves, seabed and maritime structures 
have been made since the 1970s. Different analysis methods, such as analytical, numerical or experimental meth-
ods, especially analytical ones, were used in the investigation. A number of diverse theories have been proposed 
analytically to study the distribution of pore water pressure, stresses and liquefaction depth in isotropic or cross-
anisotropic seabed induced by progressive or standing waves, and the effects of properties of ocean wave and 
seabed soil on the dynamic response of poroelastic seabed were investigated and  discussed5–10. Besides analytical 
methods, numerical simulation is also a useful tool to investigate the dynamic interactions among ocean waves, 
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offshore structures and seabed deposits. Different water waves, complex constitutive relations of seabed soil, and 
irregular boundaries of the topics can be  modeled11–18.

However, most of the above investigations considered the behavior of porous seabed governed by consolida-
tion  theory19 and storage  equation20. In the analysis, the effects of both inertia terms of soil and of fluid on the 
dynamic response of seabed were ignored, which might give inaccurate prediction under certain conditions of 
wave-seabed  system2,21–25. Considering the influence of inertia terms of both fluid and solid on the dynamic 
response of ocean sediments, Jeng et al. discussed the applicable range of fully coupled dynamic model and quasi-
static  approximations22. Lin and Li considered the effects of Coulomb friction and investigated the instability 
of seabed caused by ocean  waves26. Kumagai and Foda established an analytical model to evaluate the dynamic 
response of porous seabed beneath composite  breakwater23. Ulker et al. and Ye et al. used finite element algorithm 
and studied the dynamic response and instability of ocean sediment around breakwaters subjected to breaking 
or standing  waves2,21,27. Recently, Zhang et al. proposed a three-dimensional poro-elasto-plastic model to analyze 
the response of seabed around pipelines induced by water waves, where the influence of porosity and plasticity 
properties of soil were  examined28. Yang and Ye investigated the residual liquefaction susceptibility induced by 
standing waves in a loosely ocean sediment using validated integrated numerical  model4. Wang et al. proposed 
an analytical method to reveal the dynamic response and liquefaction of a poroelastic seabed subjected to pro-
gressive ocean waves using Biot’s fully coupled  theory24,25. Considering the obstacles that may be encountered 
in the process of water wave transmission, Barman and Bora studied the influence of the interaction between 
the porous elastic structure near the partially reflected seawall and the oblique water wave in the two-layer fluid 
flowing on the porous  seabed29–32. Based on the linear wave theory, Mohapatra and Guo established an analytical 
model for the interaction between oblique waves and breakwaters composed of underwater horizontal flexible 
porous membranes near vertical porous  barriers33–36.

It can be seen from the above studies that the understanding and predicting the dynamic response and liq-
uefaction of the porous elastic seabed are crucial for the safe and efficient operation of offshore infrastructure. 
To the best of the authors’ knowledge, the analytical solutions of the dynamic response of seabed induced by 
partial standing waves, whereas the effects of inertia terms and the coupling of solid and fluid, and the reflec-
tion of incident waves were considered, were not reported in the literature. In the offshore environment, the 
particle arrangement of seabed soil is generally loose. Under the action of periodic wave loads (especially the 
synthetic waves generated by standing waves), the wave-induced periodic shear stress ratio at a certain position 
of the seabed is greater than the critical value, causing the seabed soil to undergo shrinkage plastic deformation. 
Due to the characteristics of seabed soil, part of the pore water in the seabed is discharged through the seabed 
surface driven by the upward pore pressure gradient, and the soil particles will rearrange their relative positions 
to make them denser. In this process, the pore water pressure increases, causing the soil to liquefy or soften. 
Therefore, the construction of marine structures in the offshore environment will bring huge risks. Therefore, 
it is of great significance to analyze the dynamic response of porous elastic seabed under partial standing waves 
with arbitrary reflectivity.

Through the above analysis, we realize the importance of investigating the dynamic response of the seabed 
caused by partial standing waves. The main purpose of this study is to propose an analytical solution to analyze 
the dynamic response of the porous elastic seabed under partially standing waves with arbitrary reflectivity. The 
new contributions of this paper are summarized as follows.

(1) Based on the linear water wave theory, the fluid pressure caused by partial standing waves is obtained. 
Combined with Biot theory, effect stress principle and generalized Hooke’s law, the dynamic response and 
liquefaction potential of poroelastic seabed induced by partial standing waves can be evaluated, including 
excess pore pressure, effective normal stress and shear stress, and the liquefaction depth of seabed soil.

(2) The interaction between the standing wave and the seabed soil is analyzed. The effects of different wave 
reflection coefficients, phase lag, wave period, water depth, fluid compressibility, shear modulus and soil 
permeability on the effective vertical stress and excess pore pressure of the coastal bottom depth, and the 
design of the breakwater foundation, are discussed.

(3) The influence of standing wave on the liquefaction depth of porous seabed in different wave periods is 
discussed, and the change of liquefaction depth is explained.

The structure of this paper is as follows: Firstly, considering the influence of inertial force, the compress-
ibility of soil and fluid, and the arbitrary reflectivity and phase lag of some standing waves, the explicit solution 
is derived. Then, the results of the degradation analytical solution are compared with the results of the existing 
analytical solutions to verify the validity and correctness of the proposed theory. Subsequently, some selected 
numerical results are given at the end of the paper. The effects of seabed soil and wave properties on the dynamic 
response and liquefaction potential of the wave-seabed system are discussed. Finally, the main conclusions of 
this study are summarized.

Mathematical formulation
In the analysis, the fluid pressure p(x, z, t) induced by partial standing waves can be firstly derived using the 
theories of linear iteration and linear water wave. Then, supposing that a harmonic loading (e.g., bottom pressure 
of water waves) is applied on the surface of the porous seabed, the general solutions of displacements and stresses 
of the media can be obtained. Finally, based on the mixed boundary-value conditions, the explicit expressions 
of displacements, effective stresses and excess pore water pressure of seabed under arbitrary partial standing 
waves can be derived.



3

Vol.:(0123456789)

Scientific Reports |        (2023) 13:19061  | https://doi.org/10.1038/s41598-023-45485-6

www.nature.com/scientificreports/

Dynamic fluid pressure under partial standing waves
When arriving normally at maritime structures, incident waves may be reflected to form partially standing waves 
(Fig. 1). A large wave impact will be applied on the maritime structures, causing complex motions between water 
and seabed soils, which will enhance the scour of seabed and the failure of submarine slope. According to the 
theory of linear water waves, the profile of total sea surface elevation η(x, t) can be expressed as

where Hi and Hr = heights of incident and reflected waves, respectively; k = wave number, k = 2π/L ; ω = radian 
frequency, ω = 2π/T ; L = wave length; T = wave period; ǫ = phase lag of reflection waves; and t  = time.

For partial standing waves, the associated velocity potential φ(x, z, t) can be written  as37

in which KR = reflection coefficient of reflection waves, KR = Hr/Hi.
The dispersion relationship for small-amplitude waves in finite depth of water (i.e., 0.05 < d/L < 0.5 ) can 

be written as

where d = depth of water, and g = gravitational acceleration.
From Eq. (3), it can be seen that the wave length is determined by period of wave and depth of water. For 

different values of d and ω , the value of k is different. Furthermore, Eq. (3) is a nonlinear equation, whose root 
can be obtained numerically using numerical calculation methods, such as bisection method, iterative method, 
Newton’s tangential method, etc. In this paper, we use the iterative method to obtain the wave length for given 
values of depth of water and period of wave.

According to the linear wave  theory37, the unsteady Bernoulli equation for irrotational and incompressible 
fluid can be written as

in which p = fluid pressure; ρw = bulk density of water.
Therefore, the fluid pressure p(x, z, t) induced by partial standing waves can be obtained by substitution of 

Eq. (2) into Eq. (4), rendering

Governing equations for porous seabed
In 1956, Biot established a general theory describing the dynamic behavior of a poroelastic, saturated/partially 
saturated medium, where fluid flow in a porous medium is characterized by the conventional Darcy’s law, and 
the solid frame is taken to be isotropic and elastic. Therefore, omitting body forces, the dynamic equilibrium 
equations for isotropic, poro-elastic soil and fluid can be expressed  as38

(1)η(x, t) =
Hi

2
cos(kx − ωt)+

Hr

2
cos(kx + ωt + ǫ),

(2)φ(x, z, t) = −
HiL

2T

cosh(kz)

sinh(kd)
[sin(kx − ωt)− KRsin(kx + ωt + ǫ)],

(3)ω2 = gktanh(kd),

(4)−
∂φ

∂t
+

1

2

[

(

∂φ

∂x

)2

+

(

∂φ

∂z

)2
]

+
p

ρw
+ g(z − d) = 0,

(5)p(x, z, t) = −ρwg(z − d)+
γwHi

2

cosh(kz)

cosh(kd)
[cos(kx − ωt)+ KRcos(kx + ωt + ǫ)].

Figure 1.  Interactions between standing ocean waves and porous seabed.
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where σij ( i, j = x, y, z) = total stress tensor; pf  = excess pore pressure; ui and wi = displacement components of 
solid and of fluid relative to soil skeleton, respectively; ρ is combined bulk density of soil, ρ = nSrρw + (1− n)ρs 
with n = porosity, Sr = saturation degree of soil, and ρs = bulk density of solid skeleton; kc = coefficient of perme-
ability. A dot above a variable indicates differentiation with respect to time t  , while a comma in the subscript 
denotes a partial derivative with respect to spatial coordinate.

The continuity equation associated with the fluid flow in a porous soil can be expressed  as19

where εii = volumetric strain of solid; α = Biot coefficient of effective stress, and M = Biot  parameters39. The 
parameters α and M can be defined alternatively as

where K  and Ks = bulk modulus of soil and of solid frame, respectively; Kf = (γwdKw)/[γwd + Kw(1− Sr)] , 
with Kw = bulk modulus of air-free fluid.

According to the principle of effective stresses, the relations between effective and total stresses can be writ-
ten as

where δij = Kronecker delta function; σij′ = effective stress tensor of solid skeleton.
According to the generalized Hooke’s law, the effective stress–strain relations for solid skeleton are defined as

where � = Lamé constant, G = shear modulus of soil. εij is the strain of soil skeleton defined as

The governing Eqs. (6) to (8) are characterized by three independent Rice–Cleary micromechanical param-
eters, K , Ks , and Kf  , together with porosity n , coefficient of permeability kc , mass density of solid ρs and of fluid 
ρw . The expressions of α and M can be simplified to simpler forms for some special cases. For examples, for ideal 
porous medium, if the soil skeleton is incompressible, i.e., K/Ks ≪ 1 , it renders α = 1 , and M = Kf /n ; if both 
the seabed soil and pore fluid are incompressible, i.e., K/Ks ≪ 1 and Kf → ∞ , it yields α = 1 , and M → ∞ ; 
if only the pore fluid within the seabed soil is incompressible, i.e., Kf → ∞ , it renders α = 1− K/Ks , and 
M = K2

s /[(1− n)Ks − K] ; and if the pore fluid within the seabed is infinitely compressible i.e., Kf = 0 , it yields 
α = 1− K/Ks , and M = 0.

Boundary conditions and general solutions
In principle, it can be approximately considered that the shear stress is related to the oscillating flow above the 
seabed surface. However, in the actual calculation, the fluid shear stress and the vertical effective normal stress 
on the seabed surface are very small and can be  ignored9. Since our governing equations are valid only for mate-
rials finer than gravel, we may therefore evaluate the pressure exerted at the surface of the porous seabed by the 
waves from a wave theory which assumes the bottom to be impermeable. For simplicity we choose to describe 
the wave motion by linear wave  theory5. For constant water depth d , we have the wave associated bottom pres-
sure p0 . In terms of complex variables the boundary condition imposed by the wave motion at the surface of 
the porous seabed is

where pb = bottom pressure of ocean waves; p0 = γwHi/[2cosh(kd)].
For a poroelastic seabed with a finite thickness h (Fig. 1), the underlying soil is assumed to be rigid and 

impermeable, and the displacement component of the solid and excess pore water pressure gradient at z = −h 
is zero. Therefore, the boundary condition at the seabed z = −h can be described as (Lin and  Li26; Zhang et al.28)

If the thickness of seabed is infinite, the displacements and excess pore pressure must be zero to assure radia-
tion condition as z approaches negative infinity. Therefore, the boundary conditions at z → −∞ can be written as

By virtue of Euler formula, the general solutions of ordinary differential Eqs. (6) to (8) can be written as 
follows

(6)σij,j = ρüi + ρwẅi ,

(7)−pf ,i = ρwüi +
ρw

n
ẅi +

γw

kc
ẇi ,

(8)ṗf + αMε̇ii +Mẇi,i = 0,

(9)α = 1−
K

Ks
,M =

Kf K
2
s

Kf (Ks − K)+ nKs

(

Ks − Kf

) ,

(10)σij = σij′ − αpf δij ,

(11)σij′ = �εkkδij + 2Gεij ,

(12)εij =
1

2

(

ui,j + uj,i
)

.

(13)σz ′ = τxz = 0, pf = pb = −p0[cos(kx − ωt)+ KRcos(kx + ωt + ǫ)],

(14)ux = uz = ∂pf /∂z = 0,

(15)ux = uz = pf = 0.
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where η1,2 = ±
√

k2 − k2f  , η3,4 = ±
√

k2 − k2s  , and η5,6 = ±
√

k2 − k2t  ; k2f = (β1 +

√

β2
1 − 4β2)/2 , k2s = (β1−

√

β2
1 − 4β2)/2 ,  and k2t = α3/G  ;  α1 = ρwω

2/n+ iωγw/kc  ,  α2 = α − ρwω
2/α1 ,  α3 = ρω2 − ρ2

wω
4/α1 , 

α4 = ρwω
2 − αα1 , and α5 = α1/M ; β1 = α5 + (α3 − α2α4)/(�+ 2G) , and β2 = α3α5/(�+ 2G).

The coefficients of Bj and Cj ( j = 1, 2, . . . , 6 ) appeared in Eqs. (17) and (18) are

The values of Aj ( j = 1, 2, 3, . . . , 6 ) appeared in Eqs. (16) to (18) can be obtained from appropriate boundary 
conditions. For the seabed of finite thickness, it yields from Eqs. (13) and (14) that

where B = {0, 0, 0, 0, 0,−p0}
T  and R = [rij] is a coefficient matrix of the issue with elements r1j = e−ηjh 

r2j = Bje
−ηjh , r3j = Cjηje

−ηjh , r4j = ik�+ (�+ 2G)ηjBj , r5j = G(ikBj + ηj) , and r6j = Cj.
For the infinite seabed, the integral coefficients A2 , A4 and A6 must be zero to ensure the radiation conditions 

of displacement and pore pressure of seabed soil as z → −∞ . Therefore, considering Eq. (13), the remaining 
coefficients Aj ( j = 1, 3, 5 ) can be obtained as:

w h e r e  r1 = [η21 − �k2f /(2G)]
(

k2t + 2η25
)

− 2k2η1η5  ,  r2 = [η23 − �k2s /(2G)]
(

k2t + 2η25
)

− 2k2η3η5  , 
r3 = (η3r1 − η1r2)η5/(k

2
t + 2η25).

After obtaining the expressions of integral coefficients, the stresses and excess pore pressure of the ocean 
sediment can be written as

The solutions derived can be degenerated to those for the dynamic response of seabed under progressive ocean 
waves (Wang et al.24) if the reflection of incident waves is omitted, i.e., letting KR = 0 . Therefore, the solutions 
of Wang et al.24 are a special case of the present theory.

The present theory can also be easily degenerated to that provided by Tsai and  Lee7 if the compressibility 
of solid and the influence of inertia forces are not considered, and the incident waves are assumed to be fully 
reflected with no phase difference between incident and reflected waves, i.e., letting ρs = ρw = 0 , KR = 1.0 , ǫ = 
0, and Ks → ∞ . Therefore, the solutions of Tsai and  Lee7 are also a special case of the proposed theory.

(16)ux =

6
∑

j=1

Aje
ηjz{[coskx − KRcos(kx + ǫ)]+ i[sinkx + KRsin(kx + ǫ)]}e−iωt ,

(17)uz =

6
∑

j=1

BjAje
ηjz{[coskx + KRcos(kx + ǫ)]+ i[sinkx − KRsin(kx + ǫ)]}e−iωt ,

(18)pf =

6
∑

j=1

CjAje
ηjz{[coskx + KRcos(kx + ǫ)]+ i[sinkx − KRsin(kx + ǫ)]}e−iωt ,

(19)Bj =

{

−i
ηj
k , j = 1, 2, 3, 4

−i k
ηj
, j = 5, 6

,

(20)Cj =











i
α1α3−α1(�+2G)k2f

kα4
, j = 1, 2

i
α1α3−α1(�+2G)k2s

kα4
, j = 3, 4

0, j = 5, 6

.

(21)Aj = R
−1 · B,

(22)A1 =
r2p0

r1C3 − r2C1

,A3 = −
r1p0

r1C3 − r2C1

,A5 =
2r3p0

r1C3 − r2C1

,

(23)σx ′ =

6
∑

j=1

[ik(�+ 2G)+ �Bjηj]Aje
ηjz{[coskx + KRcos(kx + ǫ)]+ i[sinkx − KRsin(kx + ǫ)]}e−iωt ,

(24)σ
′

z =

6
∑

j=1

[i�k + (�+ 2G)Bjηj]Aje
ηjz{[coskx + KRcos(kx + ǫ)]+ i[sinkx − KRsin(kx + ǫ)]}e−iωt ,

(25)τxz = G

6
∑

j=1

(ikBj + ηj)Aje
ηjz{[coskx − KRcos(kx + ǫ)]+ i[sinkx + KRsin(kx + ǫ)]}e−iωt ,

(26)pf =

6
∑

j=1

CjAje
ηjz{[coskx + KRcos(kx + ǫ)]+ i[sinkx − KRsin(kx + ǫ)]}e−iωt .
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Criterion of liquefaction potential
When ocean waves propagate above the seabed, there will be a cumulative increase in excess pore water pressure 
within the seabed. If the excess pore water pressure equals the total stress, the interparticle force between soil 
particles will be zero, and consequently the soil deposit is liquefied. There exist several quantitative criteria to 
judge the liquefaction of  soil9,25,40,41. Among these criteria, the Jeng’s  criterion9 considered the effects of horizontal 
stresses and excess pore water pressure and its physical meaning is clear. This criterion is expressed  as9

where K0 is the coefficient of lateral earth pressure at rest, K0 = υ/(1− υ) ; υ = Poisson’s ratio.

Comparisons with existing results: verification
A series of theoretical investigations on the response and liquefaction of seabed induced by sanding or progres-
sive ocean waves were carried out by Tsai and  Wang8,24. In this section, these results will be compared with those 
obtained from the present theory. The parameters of waves and seabed soil used in the analysis are same as those 
used by Wang et al.24, which are listed in Table 1, unless otherwise stated. Firstly, the comparisons of effective 
vertical stress and excess pore water pressure for porous seabed of infinite thickness are carried out. As there is 
no wave reflection in Wang’s solution, KR = 0.0 is chosen in the present theory. Figure 2 shows the comparisons 

(27)−
1

3
(γs − γw)(1+ 2K0)z + p0 − pf ≤ 0,

Table 1.  Wave and soil parameters used in the analysis.

Parameter Value

Water wave

 Wave period, T (s) 6.0

 Wave height, H (m) 2.0

 Water depth, d (m) 8.0

 Wave length, L (m) 45.2

 Reflection coefficient,KR 0.8

 Phase lag, ǫ (°) 30.0

Seabed

 Seabed thickness, h (m) 50.0 or infinity

 Drained Poisson’s ratio,υ 0.3

 Porosity, n 0.4

 Shear modulus, G (Pa) 1.0 ×  107

 Saturation, Sr (%) 99.8

 Mass density of grains, ρs (kg/m3) 2650

 Mass density of fluid, ρw (kg/m3) 1000

 Coefficient of permeability, kc (m/s) 1.2 ×  10–3

 Bulk modulus of solid skeleton, Ks (Pa) 3.6 ×  1010

 Bulk modulus of air-free water, Kw (Pa) 2.0 ×  109

Figure 2.  Comparison of degenerated present theory with that of Wang et al.24.
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of excess pore water pressure and effective vertical stress vs. z/h calculated from the solutions of Wang et al.24 
and the degenerated present theory. It can be clearly seen that the two results agree very well. The maximum 
relative difference of the present solution with those of Wang et al.24 is 0.13%.

Then, the present theory is further compared with that of Tsai and  Lee8. As the compressibility of solid skel-
eton, inertia effects of both solids and fluid, and the reflected wave is assumed to be fully reflected with no phase 
lag between incident and reflected waves in the Tsai’s  solution8, ρs = ρw = 0 , K/Ks ≪ 1 , KR=1.0, and ǫ = 0◦ 
are taken in the degenerated present theory. The comparison results are shown in Fig. 3. One can note from 
the figure that the values of pore pressure and effective vertical stress vs. z/h calculated from the two methods 
agree fairly well. The maximum relative differences of the present solution with those of Tsai and  Lee7 is 0.15%.

Parametric study and discussions
In the parametric study sections, we refer to the relevant parameters of Wang et al.24 and  Madsen5. Some selected 
results are given to investigate the influence of mechanical and physical parameters of ocean wave and soil on the 
dynamic response and liquefaction potential of porous seabed, especially the reflection coefficient and period of 
ocean waves, water depth, degree of saturation, shear modulus and permeability of marine sediment. The input 
data used in the analysis are same as those listed in Table 1, unless otherwise stated. The calculation results are 
listed in Figs. 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15 and 16.

Dynamic response of porous seabed
To understand the partial standing wave-induced seabed response and liquefaction, this section gives the detailed 
discussions on the influence of different properties of partial standing waves and different parameters of seabed 
soil on the distribution of vertical stress, excess pore pressure and liquefaction potential of seabed.

Figure 4 shows the vertical distributions of dynamic response along seabed depth z/h for different wave 
reflection coefficient. In the analysis, KR = 0.0, 0.6, 0.8, and 1.0 are respectively used, where KR = 0.0 indicates 
that there is no wave reflection, KR = 1.0 indicates that the incident wave is fully reflected, and 0.0 < KR < 1.0 
indicates that the wave is partially reflected. The bigger the wave reflection coefficient is, the more intensive the 
standing wave consisting of incident and reflected waves will be. One can note from Fig. 4 that, for a given value 
of KR , the effective vertical stress increases gradually from 0.0, then begins to decrease gradually to 0.0 after 
reaching the peak value; while the excess pore pressure of seabed decreases gradually from maximum value to 

Figure 3.  Comparison of degenerated present theory with that of Tsai and  Lee7: (a) |σz ′|/p0 ∼ z/h ; (b) 
∣

∣pf
∣

∣/p0 ∼ z/h.
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zero. For a given value of z/h , the excess pore pressure and effective normal stress increase gradually with the 
increase of KR . Compared with that for KR = 0.0 , the maximum value of vertical stress increases 54.89%, 73.94%, 
and 93.19% for KR = 0.6 , 0.8, and 1.0, respectively. This can be interpreted that the force caused by reflection 
waves applied on the water-seabed interface will increase accordingly as KR increases. Therefore, in practical 
engineering constructions, some facilities, such as wave-absorbing devices, etc., can be installed to absorb part 
of the reflection waves when water waves encounter structures such as breakwaters during propagation, so as to 
reduce pore water pressure and normal stress in seabed soil, to improve the shear strength of soil, and thereafter 
to improve the stability of offshore structures and seabed foundations efficiently.

Figure 5 depicts the effect of phase lag ǫ on the effective vertical stress and excess pore pressure along seabed 
depth z/h . In the analysis, ǫ = 0.0°, 30.0°, 60.0°, and 90.0° are respectively chosen. It can be seen from Fig. 5 
that for a given ǫ , the effective vertical stress increases gradually from 0.0, then begins to decrease gradually to 
0.0 after reaching the peak value; while the excess pore pressure of seabed decreases gradually from maximum 
value to zero. For a given z/h , the excess pore pressure and effective normal stress decrease gradually with the 
increase of ǫ . Compared with that for ǫ = 0°, the maximum value of vertical stress decreases 3.37%, 13.22%, and 
28.85% for ǫ = 30°, 60°, and 90°, respectively. This is due to the reason that the reflected waves are delayed due 
to the existence of phase lag ǫ . The delay phenomena will be more obvious as ǫ increases. Therefore, in practical 
engineering projects, some facilities, such as jackstone and wing dams, can be installed in front of breakwaters 
to delay the arriving of reflection waves, so as to reduce pore water pressure and normal stress in seabed soil.

The effect of wave period T on the dynamic response of a poroelastic seabed is given in Fig. 6. One can note 
that the change trends of the curves are similar to Figs. 4 and 5. At a given wave period T , the effective vertical 
stress increases gradually from 0, then begins to decrease after reaching the peak value as z/h increases, but the 
excess pore water pressure pf  decreases gradually as z/h increases. At a given z/h , the values of effective vertical 
stress and excess pore water pressure in the lower layer of seabed increase intensively as T increases. Under the 
same water depth and soil parameters, the wavelength will be longer for bigger wave period, consequently caus-
ing greater vertical stress and excess pore water pressure in the seabed soil.

Figure 7 depicts the effects of water depth d on the dynamic response of a poroelastic seabed, where four 
values of d are respectively considered, namely, d = 2.0, 5.0, 8.0, and 10.0 m. One can note from Fig. 7 that for a 
given water depth d , the effective vertical stress increases along seabed depth z/h gradually from 0, then begins to 
decrease after reaching the peak value, but the excess pore water pressure decreases gradually with the increase of 

Figure 4.  Partial standing-wave induced seabed response for different KR : (a) |σz ′|/p0 ∼ z/h ; (b) 
∣

∣pf
∣

∣/p0 ∼ z/h
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z/h . At a given z/h , the value of effective vertical stress in the lower layer of seabed decreases as d increases. The 
effective vertical stress in the lower layer of seabed increases with the increase of d , but the peak values almost 
the same for different water depth d . At a given z/h , the excess pore pressure increases with the increase of d.

The fluid compressibility Kf  is significantly connected with soil saturation. For two-phased saturated soil 
( Sr = 1.0 ), the bulk modulus of fluid is about 2.0e9 Pa. If there exists even a little gas in the fluid and the soil 
becomes unsaturated, then the compressibility of fluid will decrease heavily. Figure 8 depicts the variations of 
dynamic response of seabed vs. z/h for different degree of soil saturation Sr . From Fig. 8, it can be seen that the 
dynamic response of upper soil layer is significantly affected by the degree of saturation Sr . For a given Sr , the 
vertical effective stress first increases along the seabed depth z/h , then begins to decrease after reaching the peak 
value. For a given z/h , the effective vertical stress decreases with the increase of Sr . Compared with that for Sr = 
0.92, the peak value of effective vertical stress decreases 11.23%, 29.55% and 61.50% for Sr = 0.97, 0.99, and 1.0, 
respectively. Accordingly, the excess pore water pressure increases with the increase of Sr . This is due to the fact 
that the compressibility of air is much greater than that of pore water, resulting in lower wave pressure transmit-
ted to the interior of the partially saturated seabed than that of the saturated one.

Figure 9 shows the distributions of the dynamic response of seabed vs. z/h for different shear modulus G 
of seabed soil. From the figure, it can be seen that the dynamic response of upper layer of soil is affected by G 
significantly. Compared with that for G = 1.0e6 Pa, the maximum value of effective vertical stress increases 
5.03%, 16.94%, and 50.41% for G = 5.0e6 Pa, 1.0e7 Pa, and 5.0e7 Pa, respectively. Consequently, the excess pore 
pressure decreases 13.34%, 25.42% and 52.84% for G = 5.0e6 Pa, 1.0e7 Pa, and 5.0e7 Pa respectively. Therefore, 
it would be beneficial to the stability and liquefaction prevention of seabed by improving strength of the upper 
layer of seabed soil, such as cement mixing, replacing of soil with lower strength for better one, soil reinforce-
ment, embedment of geotextiles, and so on.

Figure 10 depicts the influence of soil permeability kc on the dynamic response of poroelastic seabed. One 
can note from the figure that the permeability of soil has a significant influence on the vertical stress and excess 
pore water pressure within the upper layer of seabed soil, but has little influence on the dynamic response of 
lower layer. With the decrease of soil permeability, the value of effective vertical stress increases, and excess pore 
pressure decreases accordingly. Compared with that for kc = 0.12 m/s, the maximum value of σz ′ increases 9.41%, 
26.15%, and 22.27% for kc = 1.2e−2, 1.2e−3, and 1.2e−4 m/s respectively. Accordingly, the maximum value of pf  
decreases about 9.40%, 24.81% and 20.82% for kc = 1.2e−2, 1.2e−3, and 1.2e−4 m/s respectively. Therefore, in 
practical soil reinforcement, the methods, such as compaction, soil–cement mixing, the increase of clay content 

Figure 5.  Partial standing-wave induced seabed response for different ǫ : (a) |σz ′|/p0 ∼ z/h ; (b) 
∣

∣pf
∣

∣/p0 ∼ z/h.
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in sandy soil, can be used to decrease the permeability of upper layer of soil, of which good treatment effect can 
be achieved.

Liquefaction potential of seabed
Figure 11 shows the influence of wave reflection coefficient KR and wave period T on the liquefaction depth of 
porous seabed. One can note from the figure that for a given wave period T , the liquefaction depth zL increases 
gradually as KR increases. Compared with that for KR = 0.0, the liquefaction depth zL for fully reflected case ( KR 
= 1.0) respectively increases 82.49%, 79.28%, 79.62% and 80.12% for T = 4.0, 6.0, 8.0 and 10.0 s. Compared with 
that for T = 4.0 s, the maximum liquefaction depth zL increases about 132.94%, 198.65% and 232.89% for T = 
4.0, 6.0, 8.0 and 10.0 s, respectively.

Figure 12 depicts the influence of phase lag ǫ and wave period T on the liquefaction depth of porous seabed. 
One can note from the figure that for a given wave period T , the liquefaction depth zL decreases gradually as ǫ 
increases. Compared with that for ǫ = 0.0°, the liquefaction depth zL for ǫ = 90.0° respectively decreases 26.58%, 
25.88%, 25.96% and 26.08% for T = 4.0, 6.0, 8.0 and 10.0 s. Compared with that for T = 4.0 s, the maximum 
liquefaction depth zL increases about 131.55%, 197.02% and 231.38% for T = 4.0, 6.0, 8.0 and 10.0 s, respectively.

The influence of water depth d on the liquefaction depth zL of seabed is shown in Fig. 13. It can be seen from 
the figure that for a given wave period T , the liquefaction depth zL decreases gradually with the increase of d . 
Compared with that for d = 5.0 m, the liquefaction depth zL for d = 12.0 m decreases 74.98%, 33.43%, 15.08% 
and 7.66% for T = 4.0s, 6.0s, 8.0s and 10.0 s respectively. The decrease of liquefaction depth is larger for smaller 
wave period T . This is due to that the bottom wave pressure applied on the surface of seabed decreases as water 
depth d increases, resulting in the decrease of liquefaction depth accordingly.

Figure 14 depicts the variation of liquefaction depth vs. degree of saturation Sr for different wave period. 
One can note from the figure that for a given wave period T , the liquefaction depth zL of seabed decreases as Sr 
decreases. Compared with that for Sr = 1.0, the liquefaction depth for Sr = 0.92 decreases about 27.40%, 38.01%, 
40.01%, and 40.33% for T = 4.0, 6.0, 8.0, and 10.0 s, respectively. This is because that the permeability of soil is 
larger for smaller matrix suction and larger degree of saturation of seabed soil, causing the liquefaction depth 
to increase accordingly.

Figure 15 shows the variation of liquefaction depth zL versus shear modulus of seabed soil for different wave 
period. One can note from the figure that for a given wave period, the liquefaction depth of seabed decreases 
slightly as G increases, but its influence is trivial and can be omitted. Compared with that for G = 1.0e6 Pa, the 

Figure 6.  Partial standing-wave induced seabed response for different T : (a) |σz ′|/p0 ∼ z/h ; (b) 
∣
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∣/p0 ∼ z/h.
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maximum decrease of zL is 2.52%, 6.97%, 8.41%, and 7.85% for T = 4.0, 6.0, 8.0, and 10.0 s, respectively. Figure 16 
shows the variation of liquefaction depth zL versus permeability of seabed soil for different wave period T . It can 
be seen that for a given wave period, the liquefaction depth of seabed increases slightly as kc increases, but its 
influence is also trivial and can be omitted. This is because that the shear modulus and permeability of soil has 
little influence on the value of interparticle force. It can explain that silty soil and clayey soil with smaller shear 
modulus and lower permeability (compared with that of sandy soil) can also liquefy under applied loadings.

Conclusions
A general analytical solution is developed to evaluate the dynamic response and liquefaction potential of poroe-
lastic seabed induced by partial standing waves, where the effects of reflectivity of standing waves, and inertia 
terms of both solid skeleton and fluid relative to solid are considered. The explicit expressions of excess pore 
pressures, effective normal and shear stresses, and average displacements within the seabed soil of finite or infinite 
depth, have been developed analytically. Comparisons of the present theory with the existing ones show favorably 
good agreement. A detailed parametric study shows that the response and liquefaction potential of poroelastic 
seabed depends on the mechanical and physical properties of wave-seabed system, such as wave reflection coef-
ficient, phase lag, and period of partial standing wave, water depth, degree of saturation, permeability and shear 
modulus of seabed soil, etc. Compared with that induced only by incident waves, the amplitude of soil response 
induced by fully reflected standing waves may reach two-fold. For different water depth, wave period, degree 
of saturation and shear modulus of soil, the response and liquefaction potential of seabed induced by partial 
standing wave is obviously different.

However, there are still some deficiencies in this study. This study only uses the general theory established by 
Biot to describe the dynamic behavior of poroelastic saturated media, and there is still a lack of necessary research 
on the influence of gas phase in the seabed. In the future, more realistic unsaturated media or gas-bearing soil 
media should be considered for research. In addition, the linear wave theory used in this study is more suitable 
for sandy seabed with higher permeability. However, when considering more complex soil deformation and 
liquefaction, a more professional elastic–plastic soil model should be adopted. These restrictions were added to 
the revised manuscript.

Figure 7.  Partial standing-wave induced seabed response for different d : (a) |σz ′|/p0 ∼ z/h ; (b) 
∣

∣pf
∣

∣/p0 ∼ z/h.
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Figure 8.  Partial standing-wave induced seabed response for different Sr : (a) |σz ′|/p0 ∼ z/h ; (b) 
∣
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∣/p0 ∼ z/h.
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Figure 9.  Partial standing-wave induced seabed response for different G : (a) |σz ′|/p0 ∼ z/h ; (b) 
∣

∣pf
∣

∣/p0 ∼ z/h.
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Figure 10.  Partial standing-wave induced seabed response for different kc : (a) |σz ′|/p0 ∼ z/h ; (b) 
∣

∣pf
∣

∣/p0 ∼ z/h.

Figure 11.  Variation of liquefaction depth vs. KR for different T.
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Figure 12.  Variation of liquefaction depth vs. ǫ for different T.

Figure 13.  Variation of liquefaction depth vs. d for different T.

Figure 14.  Variation of liquefaction depth vs. Sr for different T.
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Data availability
Data underlying the results presented in this paper can be obtained from the corresponding author upon rea-
sonable request.

Received: 25 June 2023; Accepted: 19 October 2023

References
 1. Sam Smith, A. W. & Gordon, A. D. Large breakwater toe failures. J. Waterway Port Coast. Ocean Eng. 109(2), 253–255. https:// doi. 

org/ 10. 1061/ (asce) 0733- 950x(1983) 109: 2(253) (1983).
 2. Ulker, M. B. C., Rahman, M. S. & Guddati, M. N. Breaking wave-induced response and instability of seabed around caisson 

breakwater. Int. J. Numer. Anal. Methods Geomech. 36(3), 362–390. https:// doi. org/ 10. 1002/ nag. 1073 (2012).
 3. Trembanis, A. et al. A detailed seabed signature from Hurricane Sandy revealed in bedforms and scour. Geochem. Geophys. Geosyst. 

14(10), 4334–4340. https:// doi. org/ 10. 1002/ ggge. 20260 (2013).
 4. Yang, G. X. & Ye, J. H. Nonlinear standing wave-induced liquefaction in loosely deposited seabed. Bull. Eng. Geol. Environ. 77(1), 

205–223. https:// doi. org/ 10. 1007/ s10064- 017- 1038-z (2018).
 5. Madsen, O. S. Wave-induced pore pressures and effective stresses in a porous bed. Geotechnique 28(4), 377–393. https:// doi. org/ 

10. 1680/ geot. 1978. 28.4. 377 (1978).
 6. Rahamn, M. S., El-Zahaby, K. & Booker, J. A semi-analytical method for the wave-induced seabed response. Int. J. Numer. Anal. 

Methods Geomech. 18(4), 213–236. https:// doi. org/ 10. 1002/ nag. 16101 80402 (1994).
 7. Tsai, C. P. & Lee, T. L. Standing wave induced pore pressures in a porous seabed. Ocean Eng. 22(6), 505–517. https:// doi. org/ 10. 

1016/ 0029- 8018(95) 00003-4 (1995).
 8. Tsai, C. P., Lee, T. L. & Hsu, J. R. C. Effect of wave non-linearity on the standing-wave-induced seabed response. Int. J. Numer. Anal. 

Methods Geomech. 24(11), 869–892. https:// doi. org/ 10. 1002/ 1096- 9853(200009) 24: 11% 3c869:: aid- nag104% 3e3.0. co;2-j (2000).
 9. Jeng, D. S. Soil response in cross-anisotropic seabed due to standing waves. J. Geotech. Geoenviron. Eng. 123(1), 9–19. https:// doi. 

org/ 10. 1061/ (asce) 1090- 0241(1997) 123: 1(9) (1997).
 10. Qi, W. G. & Gao, F. P. Wave induced instantaneously-liquefied soil depth in a non-cohesive seabed. Ocean Eng. 153(1), 412–423. 

https:// doi. org/ 10. 1016/j. ocean eng. 2018. 01. 107 (2018).

Figure 15.  Variation of liquefaction depth vs. G for different T.

Figure 16.  Variation of liquefaction depth vs. kc for different T.

https://doi.org/10.1061/(asce)0733-950x(1983)109:2(253)
https://doi.org/10.1061/(asce)0733-950x(1983)109:2(253)
https://doi.org/10.1002/nag.1073
https://doi.org/10.1002/ggge.20260
https://doi.org/10.1007/s10064-017-1038-z
https://doi.org/10.1680/geot.1978.28.4.377
https://doi.org/10.1680/geot.1978.28.4.377
https://doi.org/10.1002/nag.1610180402
https://doi.org/10.1016/0029-8018(95)00003-4
https://doi.org/10.1016/0029-8018(95)00003-4
https://doi.org/10.1002/1096-9853(200009)24:11%3c869::aid-nag104%3e3.0.co;2-j
https://doi.org/10.1061/(asce)1090-0241(1997)123:1(9)
https://doi.org/10.1061/(asce)1090-0241(1997)123:1(9)
https://doi.org/10.1016/j.oceaneng.2018.01.107


17

Vol.:(0123456789)

Scientific Reports |        (2023) 13:19061  | https://doi.org/10.1038/s41598-023-45485-6

www.nature.com/scientificreports/

 11. Poorooshasb, H. B., Yang, Q. S. & Clark, J. I. Non-linear analysis of a seabed deposit subjected to the action of standing waves. 
Math. Comput. Model. 13(4), 45–58. https:// doi. org/ 10. 1016/ 0895- 7177(90) 90052-o (1990).

 12. Mase, H., Sakai, T. & Sakamoto, M. Wave-induced porewater pressures and effective stresses around breakwater. Ocean Eng. 21(4), 
361–379. https:// doi. org/ 10. 1016/ 0029- 8018(94) 90010-8 (1994).

 13. Sekiguchi, H., Kita, K. & Okamoto, O. Response of poro-elastoplastic beds to standing waves. Soils Found. 35(3), 31–42. https:// 
doi. org/ 10. 3208/ sandf. 35. 31 (1995).

 14. Hur, D. S. et al. Simulation of the nonlinear dynamic interactions between waves, a submerged breakwater and the seabed. Ocean 
Eng. 35(5–6), 511–522. https:// doi. org/ 10. 1016/j. ocean eng. 2007. 12. 002 (2008).

 15. Xia, Y. Z. & Zhu, K. Q. Fractional-order Maxwell model of seabed mud and its effect on surface-wave damping. Appl. Math. Mech.-
Engl. 32(11), 1357–1366. https:// doi. org/ 10. 1007/ s10483- 011- 1506-x (2011).

 16. Yang, S. & Kim, N. Developing characteristics of standing wave-induced residual excess pore water pressure in the seabed. KSCE 
J. Civ. Eng. 18(7), 2019–2027. https:// doi. org/ 10. 1007/ s12205- 014- 0506-2 (2014).

 17. Hatzikyriakou, A. et al. Component-based vulnerability analysis for residential structures subjected to storm surge impact from 
hurricane sandy. Nat. Hazards Rev. 17(1), 05015005. https:// doi. org/ 10. 1061/ (ASCE) NH. 1527- 6996. 00002 05 (2016).

 18. Su, H. Z. et al. Numerical simulation of soil levee slope instability using particle-flow code method. Nat. Hazards Rev. 20(2), 
04019001. https:// doi. org/ 10. 1061/ (ASCE) NH. 1527- 6996. 00003 27 (2019).

 19. Biot, M. A. General theory of three-dimensional consolidation. J. Appl. Phys. 12(2), 155–164. https:// doi. org/ 10. 1063/1. 17128 86 
(1941).

 20. Verruijt, A. Elastic storage of aquifers. In Flow Through Porous Media (ed. De Wiest, R. J. M.) 331–376 (Academic Press, 1969).
 21. Ulker, M. B. C., Rahman, M. S. & Guddati, M. N. Wave-induced dynamic response and instability of seabed around caisson 

breakwater. Ocean Eng. 37(17–18), 1522–1545. https:// doi. org/ 10. 1016/j. ocean eng. 2010. 09. 004 (2010).
 22. Jeng, D. S., Rahman, M. S. & Lee, T. L. Effects of inertia forces on wave-induced seabed response. Int. J. Offshore Polar Eng. 9(4), 

307–313 (1999).
 23. Kumagai, T. & Foda, M. A. Analytical model for response of seabed beneath composite breakwater to wave. J. Waterw. Port C ASCE 

128(2), 62–71. https:// doi. org/ 10. 1061/ (asce) 0733- 950x(2002) 128: 2(62) (2002).
 24. Wang, G. C. et al. Wave-induced dynamic response in a poroelastic seabed. J. Geotech. Geoenviron. Eng. 144(9), 06018008. https:// 

doi. org/ 10. 1061/ (ASCE) GT. 1943- 5606. 00019 38 (2018).
 25. Wang, G. C. et al. Wave-induced dynamic response and liquefaction of transversely isotropic seabed. Int. J. Geomech. 20(3), 

04019192. https:// doi. org/ 10. 1061/ (ASCE) GM. 1943- 5622. 00015 70 (2020).
 26. Lin, M. & Li, J. C. Effects of surface waves and marine soil parameters on seabed stability. Appl. Math. Mech.-Engl. 22(8), 904–916. 

https:// doi. org/ 10. 1007/ bf024 36389 (2001).
 27. Ye, J. H. et al. Breaking wave-induced response of composite breakwater and liquefaction in seabed foundation. Coast. Eng. 85, 

72–86. https:// doi. org/ 10. 1016/j. coast aleng. 2013. 08. 003 (2014).
 28. Zhang, X. L., Xu, C. S. & Han, Y. Three-dimensional poro-elasto-plastic model for wave-induced seabed response around submarine 

pipeline. Soil Dyn. Earthq. Eng. 69, 163–171. https:// doi. org/ 10. 1016/j. soild yn. 2014. 11. 002 (2015).
 29. Chanda, A. & Bora, S. N. Scattering of linear oblique water waves by an elastic bottom undulation in a two-layer fluid. Z. Angew. 

Math. Phys. 71(4), 1–32. https:// doi. org/ 10. 1007/ s00033- 020- 01331-7 (2020).
 30. Chanda, A. & Bora, S. N. Scattering of flexural gravity waves by a pair of submerged vertical porous barriers located above a porous 

sea-bed. J. Offshore Mech. Arct. Eng. 144(1), 011201. https:// doi. org/ 10. 1115/1. 40514 75 (2021).
 31. Chanda, A. & Bora, S. N. Different approaches in scattering of water waves by two submerged porous plates over an elastic sea-

floor. Geophys. Astrophys. Fluid Dyn. 116(3), 206–233. https:// doi. org/ 10. 1080/ 03091 929. 2022. 20257 92 (2020).
 32. Barman, K. K. & Bora, S. N. Analysis of wave reflection, waveload, and pressure distribution due to a poro-elastic structure in 

a two-layer fluid over a porous sea-bed. J. Ocean Eng. Mar. Energy 8(3), 331–354. https:// doi. org/ 10. 1007/ s40722- 022- 00235-0 
(2022).

 33. Mohapatra, S. C. & Guedes Soares, C. Interaction of surface gravity wave motion with elastic bottom in three-dimensions. Appl. 
Ocean Res. 57, 125–139. https:// doi. org/ 10. 1016/j. apor. 2016. 02. 009 (2016).

 34. Guo, Y. C., Mohapatra, S. C. & Guedes, S. C. Composite breakwater of a submerged horizontal flexible porous membrane with a 
lower rubble mound. Appl. Ocean Res. 104, 102371. https:// doi. org/ 10. 1016/j. apor. 2020. 102371 (2020).

 35. Guo, Y. C., Mohapatra, S. C. & Guedes, S. C. Wave energy dissipation of a submerged horizontal flexible porous membrane under 
oblique wave interaction. Appl. Ocean Res. 94, 101948. https:// doi. org/ 10. 1016/j. apor. 2019. 101948 (2020).

 36. Guo, Y. C., Mohapatra, S. C. & Guedes, S. C. Submerged breakwater of a flexible porous membrane with a vertical flexible porous 
wall over variable bottom topography. Ocean Eng. 243, 109989. https:// doi. org/ 10. 1016/j. ocean eng. 2021. 109989 (2022).

 37. Dean, R. G. & Dalrymple, R. A. Water Wave Mechanics for Engineers and Scientists 41–72 (World Scientific Publishing, 1991).
 38. Biot, M. A. Mechanics of deformation and acoustic propagation in porous media. J. Appl. Phys. 33(4), 1482–1498. https:// doi. org/ 

10. 1063/1. 17287 59 (1962).
 39. Cheng, A. H. D. Poroelasticity 61–80 (Springer, 2016).
 40. Okusa, S. Wave-induced stresses in unsaturated submarine sediments. Geotechnique 35(4), 517–532. https:// doi. org/ 10. 1680/ geot. 

1985. 35.4. 517 (1985).
 41. Tsai, C. P. Wave-induced liquefaction potential in a porous seabed in front of a breakwater. Ocean Eng. 22(1), 1–18. https:// doi. 

org/ 10. 1016/ 0029- 8018(94) 00042-5 (1995).

Author contributions
W.G.C., L.Y.Y., and X.C.T. conceived the project; W.G.C. and L.Y.Y. carried out the theoretical derivation; W.G.C. 
and L.K. compiled the code and analyzed the results; and W.G.C., and L.K. wrote the manuscript. All authors 
reviewed the manuscript.

Funding
National Natural Science Foundation of China (52178364) and the Natural Science Foundation of Zhejiang 
Province (LY20E080024).

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to G.W.

Reprints and permissions information is available at www.nature.com/reprints.

https://doi.org/10.1016/0895-7177(90)90052-o
https://doi.org/10.1016/0029-8018(94)90010-8
https://doi.org/10.3208/sandf.35.31
https://doi.org/10.3208/sandf.35.31
https://doi.org/10.1016/j.oceaneng.2007.12.002
https://doi.org/10.1007/s10483-011-1506-x
https://doi.org/10.1007/s12205-014-0506-2
https://doi.org/10.1061/(ASCE)NH.1527-6996.0000205
https://doi.org/10.1061/(ASCE)NH.1527-6996.0000327
https://doi.org/10.1063/1.1712886
https://doi.org/10.1016/j.oceaneng.2010.09.004
https://doi.org/10.1061/(asce)0733-950x(2002)128:2(62)
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001938
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001938
https://doi.org/10.1061/(ASCE)GM.1943-5622.0001570
https://doi.org/10.1007/bf02436389
https://doi.org/10.1016/j.coastaleng.2013.08.003
https://doi.org/10.1016/j.soildyn.2014.11.002
https://doi.org/10.1007/s00033-020-01331-7
https://doi.org/10.1115/1.4051475
https://doi.org/10.1080/03091929.2022.2025792
https://doi.org/10.1007/s40722-022-00235-0
https://doi.org/10.1016/j.apor.2016.02.009
https://doi.org/10.1016/j.apor.2020.102371
https://doi.org/10.1016/j.apor.2019.101948
https://doi.org/10.1016/j.oceaneng.2021.109989
https://doi.org/10.1063/1.1728759
https://doi.org/10.1063/1.1728759
https://doi.org/10.1680/geot.1985.35.4.517
https://doi.org/10.1680/geot.1985.35.4.517
https://doi.org/10.1016/0029-8018(94)00042-5
https://doi.org/10.1016/0029-8018(94)00042-5
www.nature.com/reprints


18

Vol:.(1234567890)

Scientific Reports |        (2023) 13:19061  | https://doi.org/10.1038/s41598-023-45485-6

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

http://creativecommons.org/licenses/by/4.0/

	Dynamic response and liquefaction potential of porous seabed induced by partial standing ocean waves
	Mathematical formulation
	Dynamic fluid pressure under partial standing waves
	Governing equations for porous seabed
	Boundary conditions and general solutions
	Criterion of liquefaction potential

	Comparisons with existing results: verification
	Parametric study and discussions
	Dynamic response of porous seabed
	Liquefaction potential of seabed

	Conclusions
	References


