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Numerical modeling of
wave-induced liquefaction
around a gravity-based structure
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Residual liquefaction, a significant issue in marine engineering, results from
accumulated pore-water pressure in the seabed due to cyclic shear stresses,
which compromises soil stability. This study aims to investigate residual
liquefaction around gravity-basedmarine structures bymeans of a 2D numerical
model. The model employs a two-step procedure: First, the stresses in the
soil domain are determined via solving Biot equations, and subsequently the
generation and diffusion of accumulated pore pressure in the soil is simulated
by means of a pressure diffusion equation with a source term. The model
was first validated against analytical solution for pore pressure buildup in the
seabed under progressive waves, and against experimental data for residual
liquefaction around a buried submarine pipeline. The results showed that the
model can satisfactorily capture pore pressure buildup and residual liquefaction
in the seabed around structures. Once validated, themodel was utilized tomodel
the pore-water pressure buildup and residual liquefaction potential around a
caisson breakwater under the action of standing waves and the wave-induced
rockingmotion of the caisson, separately and in combination. Spatial distribution
of liquefaction potential was determined in the seabed soil around the caisson
with and without a bedding layer on the seabed. The model results revealed
the critical role of the bedding layer in reducing liquefaction susceptibility under
standing waves and rocking motion, and highlighted that the rocking motion
alone poses a significant risk of inducing residual liquefaction in the seabed
around the caisson.

KEYWORDS

wave-induced liquefaction, rocking motion, gravity-based structure, standing wave,
pore-water pressure, residual liquefaction

1 Introduction

Gravity-based structures are a major type of structures in coastal and offshore
engineering. These structures, such as caissons and block-type structures, are not only
used for berthing purposes, but can also be utilized as breakwaters, especially when
rock is not feasibly available for using as rubble-mound, or when the construction
depth is too large for a sloped structure (Tsinker, 2012). In such conditions, caissons
are viable alternatives to sloped breakwaters. However, seabed-structure interaction
issues induced by waves and current, such as liquefaction and scour, can lead to
failure of caisson structures (Sumer and Fredsøe, 2002). There are two types of
mechanisms associated with wave-induced liquefaction: (1) momentary liquefaction, and
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(2) residual liquefaction. Momentary liquefaction is caused by
the temporary upward-directed pressure gradient in the seabed
soil under wave trough, and it can only affect a limited depth
of the soil close to the midline (Sumer, 2014, Chp. 4). Residual
liquefaction, on the other hand, occurs as a result of pore-water
pressure buildup caused by re-arrangement of soil grains at the
expense of pore volume, due to the cyclic shear deformations under
wave loading (Sumer, 2014, Chp. 3). This paper focuses on residual
liquefaction, where the soil loses its bearing capacity and behaves
like a fluid mixture of soil and water. Momentary liquefaction is left
out of the scope of the present study.

Residual liquefaction can result in catastrophic consequences.
Buried marine structures such as sea mines, pipelines or cables
may either sink into the seabed or float to the midline, causing
total failure of these structures (Sumer et al., 1999; Damgaard et al.,
2006b; Sumer et al., 2006a; Kirca, 2013; Sumer and Kirca, 2022).
Likewise, gravity-based structures like caissons can tilt and/or sink
into the seabed when the surrounding seabed soil is liquefied
(De Groot et al., 2006b). As a remarkable example, Puzrin et al.
(2010) reported that caissons of size O(20m) had sunken into the
seabed as deep as 7 m, and horizontally displaced as much as 5 m
towards the offshore direction in Barcelona Harbor due to residual
liquefaction. Another example where the last author acted as a
consultant in the aftermath of the incident is that, during a storm
event, seven caissons (originally planned to form the berth of a
container terminal) placed temporarily about 700 m offshore, acting
as a Mulberry harbor, were displaced seaward and embedded in
the seabed (the average displacement being 22 m horizontally, and
4.5 m vertically), apparently due to wave-induced residual seabed
liquefaction. Liquefaction related failures of marine structures,
induced by waves (Sumer, 2006; Damgaard et al., 2006a; Sumer
and Kirca, 2022) or earthquakes (De Groot et al., 2006a; Esfeh and
Kaynia, 2019; Ju and Mao, 2024) are also encountered in offshore
regions. A thorough coverage of the topic for aspects of both coastal
and offshore structures can be found in Sumer (2014).

When caissons are subjected to non-breaking waves, the
reflected waves from the caisson forms a standing wave profile
in front of the caisson. The node location of the standing wave
profile (located L/4 distance from the caisson edge, where L is the
wave length) is a “hotspot” for residual liquefaction since cyclic
shear deformations are concentrated at this point (Kirca et al.,
2013). Further to the standing waves, the alternating leeward
and seaward wave force acting on the caisson under successive
wave crests and troughs cause the caisson to rock and to induce
cyclic shear deformations underneath the pivotal axis of rocking
(Sumer et al., 2008). This additional mechanism causes a second
hotspot for residual liquefaction, even more pronounced than the
first one (Sumer, 2014, Chp. 8).

Seabed response around caisson breakwaters due to standing
waves (Ulker et al., 2010; Duan et al., 2023) and breaking waves
(Ulker et al., 2012) were studied in the recent past by means
numerical models based on poroelastic behavior of seabed soil.
However, the latter studies focused on the momentary liquefaction
mechanism, and did not account for the pore-water pressure buildup
or rocking of the caisson. For modeling pore-water pressure buildup
due to cyclic loading and residual liquefaction, a mathematical
model, based on the work of Sumer and Cheng (1999), was
described in Sumer (2014), Section 3.2 in detail, which was also

validated against experimental data by Sumer et al. (2012). It is
to be noted that this model has recently been extended to 3D
(Shanmugasundaram et al., 2022) as a part of the NuLIMAS project
(a EU-funded research project conducted under the MarTERA
programme), and modified so as to simulate the post-liquefaction
behavior of seabed soil (Windt et al., 2024). It should also be further
noted that here are several other studies in the literature, where the
residual liquefaction was numerically modeled by means of a source
term similar to that described in (Sumer, 2014, Chp. 3), implemented
for 2D (Wang andGao, 2014; Jeng andZhao, 2015; Zhao et al., 2016a;
Zhao et al., 2016b) and 3D (Li et al., 2011; Zhao et al., 2017; Cui and
Jeng, 2021) soil domains.

In this study, the pore-water pressure buildup and residual
liquefaction around a caisson breakwater due to standing waves
as well as rocking of the caisson was numerically modeled for the
first time in the literature. A 2D numerical model was implemented
to model the seabed soil. The model has two components: First
component solves the Biot equations to calculate the stresses in
the soil domain, and the second component calculates the pore-
water pressure buildup based on a pressure diffusion equation with
a source term for pore-water pressure generation (Sumer, 2014;
Section 3.2). First, the model results were validated against the
experimental data of Sumer et al. (2006b). Then, the model was
used to simulate residual liquefaction around a caisson breakwater
due to standing waves, caisson rocking, and co-existence of both
mechanisms. Additionally, the influence of a crushed-rock bedding
layer placed under the caisson on the seabed in preventing pore-
water pressure buildup was also investigated.

2 Materials and methods

2.1 Statement of the problem

The definition sketch is presented in Figure 1.
A caisson structure placed on the seabed is exposed to a standing

wave. The pressure in excess of hydrostatic pressure acting on the
seabed due to standingwaves, pb(x, t), causes shear stresses and shear
deformations in the soil, e.g., see the shear stress, τ, and its associated
shear deformation at the nodal section illustrated in Figure 1.

The caisson is, at the same time, subjected to rocking due to
alternating landward and seaward wave forces, in-phase with the
wave crest and troughs on the caisson, respectively, inducing a cyclic
pressure on the seabed, pr(x, t). The latter causes cyclic shear stresses
and shear deformations in the soil underneath the caisson (Figure 1).

These two “hotspots” are potential zones of liquefaction (Sumer,
2014, Chp. 8). In this paper, both of thesemechanismswill be studied
to reveal their potential contributions on the liquefaction potential
of the seabed.

2.2 Methodology

Thepresent numerical model comprises a two-step procedure to
simulate the pore-water pressure buildup and initiation of residual
liquefaction using the finite element method (FEM). In the first
step, the stresses in the soil are computed by solving the quasi-static
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FIGURE 1
Definition sketch.

Biot equations, in which the soil is assumed to be a saturated poro-
elasticmedium (Biot, 1941)with pore-water behavior represented by
Darcy’s law, and the inertia terms are neglected. In the second step,
the buildup of pore-water pressure is simulated through a pressure
diffusion equation with a source term for pore-water pressure
generation to obtain the accumulated pore pressures (p) (Sumer,
2014, Chp. 3). The model will then seek whether liquefaction
occurs or not.

The onset of liquefaction is defined as the critical point at
which the buildup of pore-water pressure (p) exceeds the initial
mean normal effective stress (σ′0). This is expressed by the following
liquefaction criterion:

Liquefactioncriterion:
p
σ′0
≥ 1 (1)

The solution procedure adopted in the model is detailed below.

2.2.1 Step 1
First off, the modeling starts with the initial settlement phase,

which involves the placement of soil under static conditions, and
waiting for the effective stresses in the soil (due to self-weight of
the soil) to be established. Once the system attains to a state of
equilibrium in terms of effective stresses after the initial settlement,
the overburden due to the caisson is gradually applied and the
soil domain is let to stabilize again in terms of additional effective
stresses and settlements under to the weight of the caisson. After
an equilibrium is reached, the distribution of initial mean normal
effective stress across the soil domain, σ′0(x,y), is calculated as
described by Equation 2, σ′y0 being the initial vertical effective stress
term at the equilibrium condition.

σ′0 = σ
′
z0(

1+ 2k0
3
) (2)

Here, k0 is the coefficient of lateral earth pressure. It should
be noted that the initial mean normal effective stress (σ′0) for
undisturbed seabeds depends only on the self-weight of the soil in
terms of submerged specific weight (γ′) and the soil depth (z), as
given by Equation 3 (Sumer, 2014).

σ′0 = γ
′z(

1+ 2k0
3
) (3)

However, to account for the variation in soil stresses generated
by structures such as caisson breakwaters, σ′0 needs to be generalized
in terms of Equation 2. This modification is applied in all simulated
scenarios within the scope of the present study, to maintain
consistency. Accordingly, the total effective stress in the soil
underneath the caisson would be as given by Equation 4

σ′0 = (γ
′z+ αspc)(

1+ 2k0
3
) (4)

in which pc is the static overburden due to the submerged weight of
the caisson and αs is a factor related to the spreading of the loaded
areawith the soil depth (Sumer, 2014, p. 291). It should be re-iterated
that the σ′0 is calculated in the numerical model automatically as
per the poro-elastic soil constitutive model, prior to the start of the
dynamic loading.

Simulation of cyclic loading on the soil begins after the final
equilibriumof stresses in the soil under static conditions are reached.
As such, standing wave forces governed by pb(x, t), rocking motion
governed by pr(x, t), or a combination of both is applied on the
seabed, depending on the simulated case. When the amplitude of
the fluctuations of the forces reaches a steady state at its peak, the
amplitude of the cyclic shear stress, τ, is recorded. The amplitude of
cyclic shear stress, τ, is calculated from the standard deviation of the
time-dependent shear stress on x-y plane, τxy(t), such as τ = √2στxy .
The initial duration of the loading, where stresses are evolving before
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reaching a steady-state periodic motion, are not included in the
time series used for the calculation. The standard deviation of τxy is
calculated after the point where the mean values of the shear stress
reach their maximum.

2.2.2 Step 2
Next, the pore-water pressure buildup is computed. To this

end, Equation 5 is solved across the soil domain using the stresses
σ′0(x,y) and τ(x,y) calculated in Step 1, as described in the
preceding paragraphs. Here, p(x,y, t) is the period-averaged pore-
water pressure in excess of hydrostatic pressure, cv is the coefficient
of consolidation, and f is the pressure generation source term,
defined by Equation 6.

∂p
∂t
= cv(

∂2p
∂x2
+
∂2p
∂z2
)+ f (5)

f =
σ′0
NlT
⋅M(p,σ′0) (6)

In Equation 6,T is thewave period andNl is the number of cycles
required for liquefaction to occur. M(p,σ′0) is a step-wise pressure-
limiter function used to cap the p

σ′0
ratio, as shown in Equation 7.

M =

{{{{{
{{{{{
{

1 , if
p
σ′0
< 1

0 , if
p
σ′0
≥ 1

(7)

The role of the pressure-limiter function,M given in Equation 7,
can be described as follows: The present model is inherently
designed to simulate the pore-water pressure buildup due to
cyclic shear strains in the soil, until liquefaction is reached (c.f.
Equation 1). Once the soil is liquefied, the soil will change its phase
from solid to liquid, and no further accumulated pore pressure is
expected to be “generated” in the soil. Therefore, the source term f
appearing in Equation 5 should be set to zero whenever p

σ′0
≥ 1. If

the pressure generation within the “liquefied” zones was not limited
in the numerical model, accumulated pore pressure would reach
“unphysically” high values in the liquefied zones within the soil
domain. Therefore, this pressure-limiter, M, is used to prevent the
source term from producing additional period-averaged pore-water
pressure when p

σ′0
reaches to 1, and whenever the pore pressure

dissipates and the ratio falls below 1, the source term resumes
producing pore-water pressure, allowing it to spread.

Nl, the number of cycles required for liquefaction, is
defined in Equation 8, where τ is the amplitude of the cyclic
shear stress, as explained previously (Peacock and Seed, 1968;
De Alba et al., 1976; Sumer, 2014, p. 76 can also be consulted).

Nl = (
1
α

τ
σ′0
)

1
β

(8)

Here, α and β are empirical coefficients, defined in
Equations 9, 10 respectively, in terms of relative density, Dr,
as follows.

α = 0.34Dr + 0.084 (9)

β = 0.37Dr − 0.46 (10)

Dr =
emax − e

emax − emin
(11)

Equations 9, 10 are obtained based on the experimental
data of De Alba et al. (1976), as described in Sumer et al.
(2012). In Equation 11, e is the void ratio, emax and emin are the
maximum and minimum void ratio values of the soil, respectively.

The pressure variation on the seabed due to wave action
is imposed with respect to the linear wave theory (Dean and
Dalrymple, 1991). The time-dependent pressure on the seabed for
“progressive waves” and “standing waves” are defined as Equation 12
and Equation 13, respectively (Hsu and Jeng, 1994).

pb (x, t) = γ
Hi

2
cos (λx−ωt)
cosh (λh)

(12)

pb (x, t) = γ
Hi

2
[cos (λx−ωt) + cos (−λx−ωt)]

cosh (λh)
, wherex ≤ 0 (13)

In the above equations, k = 2π/L and ω = 2π/L are the wave
number and angular frequency of the wave, respectively, and Hi
is the incident wave height. As such, the height of the standing
wave given in Figure 1 becomes two times the incident wave height,
H = 2Hi. The static overburden due to the submerged weight of the
caisson is imposed on the seabed by Equation 14.

pc (x) = γc ×Hc − γ× h, where 0 ≤ x ≤ B (14)

in which Hc is the height of the caisson, γc is the overall specific
weight of the caisson and γ is that for the water.

The pressure imposed on the seabed by the rocking motion of
the caisson is calculated via Equation 15. In this equation, pramp

is the
amplitude of the rocking pressure (see Figure 1) that is calculated
from the overturning moment on the caisson induced by standing
waves.The detailed calculation of the overturningmoment and pramp

can be found in Sumer (2014), (pp. 283–292). Consequently, the
total (static and rocking) pressure load under the caisson, pctotal , is
implemented in the model as shown in Equation 16.

pr (x, t) = pramp
⋅
(x− B

2
)

B
2

⋅ [−cos (ωt)] , where0 ≤ x ≤ B (15)

pctotal (x, t) = pc (x) + pr (x, t) (16)

A flowchart describing the implementation of the numerical
model is presented in Figure 2. The model described above is
implemented in COMSOLE Multiphysics V5.5 A triangular mesh
was adopted for the numerical simulations. The finest mesh
was described around the structure borders and mesh size was
gradually increased with a growth rate of 1.13, which gave the
optimum mesh resolution and quality. The finest mesh element
size was less than 4 cm. Different mesh sizes were tested, and
no meaningful change in model results were seen for finer mesh
sizes. Further details regarding numerical modeling are provided
in Angin (2023).

2.3 Boundary conditions

The boundary conditions adopted for the numerical model
comprise the conditions defined for soil (Biot equations) and the
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FIGURE 2
The flowchart of the numerical simulations.

period-averaged pore-water pressure (pressure buildup equation).
These conditions applied to the impermeable bottom, lateral
boundaries, and the midline of the soil domain, as well as
soil-structure boundaries (caisson bottom and pipe walls) are
summarized below.

• At the impermeable bottom of the soil deposit (z = d):
Soil: Fixed boundary, restricts all soil movement; u = 0, v =

0. No flux normal to the boundary for the phase-resolved
pressure; ∂p/∂n = 0.
Period-averaged pressure: No flux normal to the boundary;

∂p/∂n = 0.
• At the sides of the model domain:

Soil: Roller boundary, restricts soil movement normal to the
boundary; un = u = 0. No flux normal to the boundary for the
phase-resolved pressure; ∂p/∂n = 0.
Period-averaged pressure: No flux normal to the boundary;

∂p/∂n = 0.

• At the offshore seabed surface (midline, z = 0):
Soil: Boundary load governed by wave pressure; σz = pb(t,x)

(Equation 12 or Equation 13).
Period-averaged pressure: Dirichlet boundary condition

with zero pressure; p = 0.
• Underneath the caisson (for the cases with caisson):

Soil: Boundary load governed by the caissonâ€™s weight and
rockingmotion; σz = pctotal (Equation 16). No flux normal to the
boundary for the phase-resolved pressure; ∂p/∂n = 0.
Period-averaged pressure: No flux normal to the boundary;

∂p/∂n = 0.
• At the onshore seabed surface:

Soil: Boundary load zero; σz = 0. Dirichlet boundary
condition for the phase-resolved pressure equal to zero; p =
0.
Period-averaged pressure: Dirichlet boundary condition

with zero pressure; p = 0.
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• At the walls of the pipe (for the cases with buried pipeline):
Soil: Roller boundary, restricts soil movement normal to the

boundary; un = 0. No flux normal to the boundary for the
phase-resolved pressure; ∂p/∂n = 0.
Period-averaged pressure: No flux normal to the boundary;

∂p/∂n = 0.

With the numerical model set as described above, two types
of simulations were carried out with the implemented model:
(1) With progressive waves for model validation, which involves
an undisturbed seabed case and a buried pipe case presented
in Sections 2, 3 with standing waves and rocking motion of
the caisson applied separately and in a combined manner, as
presented in Section 4.

3 Results: Progressive waves

For validation of the model, two different cases with progressive
waves were tested before the model was used to simulate the
liquefaction process around a gravity-based structure induced
by standing waves and rocking of the structure. First, the model
was run for a residual liquefaction case of undisturbed seabed
under progressive waves, and compared with the analytical
solution of Sumer (2014). For comparison, the values of wave
and soil parameters are taken the same with those defined in
the numerical example given in the referenced book of Sumer
(2014), (pp. 87–90). The results show a very good agreement
between the numerical and analytical model results as far
as the buildup of pore water pressure, and the onset of
liquefaction processes. The results will not be included here for
reasons of space.

As a second validation case under progressive waves, the
experimental study of Sumer et al. (2006b) was simulated with the
numerical model. The experiments were conducted in a wave flume
with dimensions 0.6 m in width, 0.8 m in depth, and 26.5 m in
length. A piston-type wave generator produced regular waves, and a
soil pit with dimensions of 17 cm in depth and 90 cm in length was
positioned 12 m from the wave generator. A pipe of 8 cm diameter
was placed in the soil rigidly, 45 cm from the offshore end of and
2.5 cm from the bottom of the soil pit. The soil and wave properties
from the study of Sumer et al. (2006b) are summarized in Table 1.

For the numerical model that simulated the experiments of
Sumer et al. (2006b), the submerged weight of the pipe along with
the self-weight of the soil is considered in the analysis, similar to
the caisson scenario. Accumulated pore-water pressure values were
measured at three specific locations on the pipeline surface: the
bottom (Point 1), the left side facing the incoming wave (Point
2), and the top (Point 3), as shown in Figure 3. As seen in the
figure, the numericalmodel can satisfactorily capture the pore-water
pressure buildup, although it appears that the predicted pressures at
Point 2 are somewhat larger than the measurements. The predicted
maximumpressure attained at Point 2 is, nevertheless, in remarkably
good agreement with the experiment.

To sum up, the numerical model was shown to satisfactorily
capture pore-water pressure buildup and residual liquefaction
potential both in the case of undisturbed seabed and around a
structure.

TABLE 1 The soil and wave properties of the experimental study of
Sumer et al. (2006b).

Parameter Symbol Value

Soil

The soil depth d 0.175m

The submerged specific weight γ′ 10.73 kN
m3

The shear modulus G 540 kN
m2

Poisson’s ratio ν 0.35

Young’s modulus E 1458 kN
m2

The coefficient of permeability k 5.37× 10−6 m
s

The porosity n 0.35

the degree of saturation Sr 1

The coefficient of lateral earth
pressure

k0 0.41

The relative density Dr 0.38

The empirical coefficient alpha α 0.2132

the empirical coefficient beta β −0.3194

The coefficient of consolidation cv 12.8× 10−4 m2

s

Wave

The specific weight of water γ 9.81 kN
m3

The wave height H 0.166m

The wave period T 1.6s

The water depth h 0.42m

The wave length L 2.889m

The wave number λ 2.1749m−1

The angular frequency of the waves ω 3.927s−1

FIGURE 3
Accumulated pore-water pressure near the pipe. Point 1 is the bottom
of the pipe y = 14.5cm, Point 2 is the left side at the depth of the pipe
center y = 10.5cm, and Point 3 is the top of the pipe y = 6.5cm. Solid
and colored lines: Model results. Fluctuating black lines: Experiment
results of Sumer et al. (2006b).

Frontiers in Built Environment 06 frontiersin.org

https://doi.org/10.3389/fbuil.2025.1525046
https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org


Kirca et al. 10.3389/fbuil.2025.1525046

TABLE 2 The soil and wave properties of the seabed in the standing
waves and rocking motion cases.

Parameter Symbol Value

Soil

The soil depth d 10m

The submerged specific weight γ′ 9.03 kN
m3

The shear modulus G 6600 kN
m2

Poisson’s ratio ν 0.33

Young’s modulus E 17556 kN
m2

The coefficient of permeability k 9× 10−6 m
s

The porosity n 0.44

The bulk modulus of elasticity of
water

K 1.9× 106 kN
m2

The degree of saturation Sr 1

The coefficient of lateral earth
pressure

k0 0.5

The relative density Dr 0.18

The empirical coefficient alpha α 0.145

The empirical coefficient beta β −0.393

The coefficient of consolidation cv 2.372× 10−2 m2

s

Wave

The specific weight of water γ 9.81 kN
m3

The incident wave height Hi 1.5m

The standing wave height H 3m

The wave period T 5.1s

The water depth h 17.7m

The wave length L 43m

The wave number λ 0.1461m−1

The angular frequency of the waves ω 1.232s−1

4 Results: Standing waves and rocking
motion of the caisson

The model runs involving standing wave and rocking motion
of the caisson models are performed for the soil and wave
parameters defined in Table 2 and for the following dimensions of
the caisson: the height of the caisson Hc = 21 m, and the breadth
of the caisson B = 17.5 m. (The soil and wave properties and the
structure characteristics are selected to be in accord with those
reported in Sumer (2014), (pp. 282–293), to facilitate comparison.)

The amplitude of the cyclic overturning moment caused by the
3 m-height standingwaves is found as 1,281 kN m/m.Theamplitude
of the bed pressure underneath the two edges of the caisson is

TABLE 3 The soil properties of the bedding layer.

Parameter Symbol Value

The thickness of the layer (depth) d 1m

The submerged specific weight γ′ 9.03 kN
m3

Friction angle φ 45°

Young’s modulus E 2GPa

The coefficient of permeability k 10−2 m
s

The porosity n 0.25

The bulk modulus of elasticity of water K 1.9× 106 kN
m2

The degree of saturation Sr 1

The relative density Dr 1

determined as pramp
= 25.1 kN/m2 (Sumer, 2014, pp. 282–293). The

properties of the bedding layer under the caisson (formed of crushed
rock) used in some of the simulations are given in Table 3. It should
be noted that these values of the soil, wave and caisson parameters
reflect a realistic design case.

As mentioned above, three different conditions are simulated:
the standing-wave-only condition, the rocking-motion-only
condition, and the combined condition where both waves and
rocking motion affect the seabed.

4.1 Standing-wave-only case

In this case, the rocking motion is not considered. The offshore
side of the seabed is exposed to the standing wave, while beneath the
caisson, only the self-weight of the caisson (pc given in Equation 14)
is applied to the seabed. In this case, the accumulated pore pressure
reaches approximately 60% of the initial mean normal effective
stress. As seen in Figure 4, liquefaction susceptibility is observed
around the nodes. This finding is consistent with the experimental
study of Kirca et al. (2013) and that of Sassa and Sekiguchi (2001).
Around x = 0, the initial normal effective stresses are higher due to
the weight of the caisson, which makes this area more liquefaction-
resistant than the other anti-nodes. Even without a bedding layer on
the surface of the seabed, liquefaction does not occur.Therefore, the
standing-wave-only case has not been investigated with a bedding
layer on the seabed.

4.2 Rocking-motion-only case

Under the effect of the rocking motion, enormous shear stresses
occur. On the other hand, because of the weight of the caisson, the
initial normal effective stress values underneath the caisson are also
large. For this case, two conditions are simulated: with a bedding
layer and without a bedding layer, to understand the effect of the
bedding layer, c. f. Figures 5, 6.
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FIGURE 4
Liquefaction criterion: p/σ′0 under the effect of standing waves without a bedding layer on the seabed. Arrows with “N” indicate the nodal sections.

FIGURE 5
Liquefaction criterion: p/σ′0 at different times (in minutes) under the effect of rocking motion only, without a bedding layer on the seabed. The
pressures are calculated at the centerline just underneath the caisson, along the red line (see the panel to the right).

FIGURE 6
Liquefaction criterion: p/σ′0 at different times (in minutes) under the effect of rocking motion only, with a bedding layer on the seabed. The pressures
are calculated at the centerline just underneath the caisson, along the red line (see the panel to the right).

Now, Figure 5 shows the time development of the accumulated
pore pressure just underneath the caisson (at the center line) in the
case where there is no bedding layer. The figure indicates that the
central area under the caisson liquefies in less than 30 min.

Figure 6 shows the time development of the accumulated pore
pressure, again, just underneath the caisson (at the center line) in
the case where there is a bedding layer. With a bedding layer, the
central area under the caisson will not liquefy. The ratio between p

and σ′0 reaches 55% around 40 min, in Figure 6. Even with sufficient
time, it cannot exceed 1.Themaximum value stays at approximately
65% of the critical point.

Placing the caisson directly on the surface of the seabed
makes the area highly susceptible to liquefaction, as the excess
pore water pressure cannot “escape” because of the sheer presence
of the rigid bottom of the caisson. In the case of the bedding
layer, however, the bedding layer allows the accumulated pore
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FIGURE 7
The amplitude of the cyclic shear stress τ underneath the caisson under the effect of rocking motion only. (A) Without a bedding layer, and (B) with a
bedding layer.

water to move out, and therefore it hinders the buildup of pore
pressure. Also, the presence of the bedding layer reduces the cyclic
shear stresses (Sumer et al., 2010).

In Figure 7, the amplitude of the cyclic shear stresses for both
conditions, with (Figure 7B) and without (Figure 7A) a bedding
layer, are shown on the same scale. As seen in Figure 7A, the
amplitude of cyclic shear stress, τ, increases to high values at the
points where pr reaches its maximum value (at the edges of the
caisson, see Equation 15), which are the locations where the so-
called punching shear failure of the soil may occur. It should be
underlined that the assumption of a poro-elastic continuum, i.e.
using Biot equations for describing soil constitutive behavior, is not
sufficient to simulate such excessive shear failures, and therefore
the numerical model results lead to unexpectedly large cyclic shear
stress amplitudes at the edges of the caisson, the areas where
discontinuity of rocking motion occur. Therefore, the model results
showing high-amplitude shear stress areas underneath the edges of
the caisson should be treated with care.

For both of the conditions, it is observed that the center line under
the caisson is prone to liquefy, as experimentally provenbySumer et al.
(2008).The accumulated pore pressure under the effect of the rocking
motion, as seen in Figure 8, reaches its maximum value at the center
line under the caisson. However, the high values of the initial mean
normal effective stress (Figure 9) prevent the liquefaction at this area.
To quantify the liquefaction susceptibility of the seabed due to the
rocking of the caisson, Figure 10 shows the variation of liquefaction
criterion (p/σ′0) around the rocking caisson. As seen in this figure,
liquefaction does not occur at the footprint of the caisson, but two
liquefaction zones appear at both sides of it. These liquefaction zones
horizontally extend outwards from both edges of the caisson up to a
distance of approximately B/2, and vertically from almost under the
bedding layer down to a depth of ca. 6 m.

4.3 Both standing waves and rocking
motion

In this case, the standing wave is applied in front of the caisson
with the caisson undergoing a rocking motion in-phase with the

wave (Figure 1). Figure 11 presents the model results showing the
liquefaction susceptibility in terms of distribution of p/σ′0 in the
case of combined loading of the seabed due to standing waves
and rocking caisson, while Figure 12 shows the accumulated pore
pressure distribution for the same case. When Figures 10, 11 are
compared, it can be seen that, with standing waves switched on,
accumulated pore pressure in the nodal area in front of the caisson
is intensified, as one may expect from Figure 4. However, the
liquefaction susceptibility underneath the rocking caisson is not
significantly affected from the standing waves, as can be seen from
the comparison of Figures 10, 11.

As stated by Kudella et al. (2006), the caisson rocking motion
is the primary source of pore pressure beneath the caisson, and
the pore pressure generated by waves is negligible in this area.
Comparison of Figures 8, 12 shows that the accumulated pore
pressure is almost the same beneath the caisson, and liquefaction is
not observed in this zone for any of the tested cases. As mentioned
above, this is mainly because of the large σ′0 values in this zone due
to the weight of the caisson (Figure 9).

When Figure 11 is examined from the stability of caisson point
of view, it is evident that the liquefaction zone in front of the
caisson extending as far as the nodal point of the standing wave will
trigger failure of the caisson foundation, leading to sinking of the
caisson into this zone, towards offshore direction. This result clearly
explains the sinking and offshore displacement mechanism of the
failed caissons in the two case studies referred to in Section 1.

4.4 Discussion of results

With the numerical model results presented above, in this
section the findings of the study are discussed in the light of
theoretical considerations, and also the limitations of the presented
numerical model are discussed along with the modifications
envisaged for the future work.

Sumer (2014), (Chp. 7) gave a thorough theoretical background
regardingpore-waterpressurebuildupandresidual liquefactionunder
standing waves, in the light of experimental data. As discussed in the
Introduction section, the key feature pointed out by Sumer (2014)
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FIGURE 8
The initial mean normal effective stress σ′0 under the caisson.

FIGURE 9
The accumulated pore pressure (p) under the effect of rocking motion only.

FIGURE 10
Liquefaction criterion: p/σ′0 under the effect of rocking motion only.

was that the cyclic shear stress (and thereby shear deformations
leading to the re-arrangement of soil grains) induced by standing
waves are concentrated under the node section of the standing wave
profile, nearest of which is located at L/4 distance from the reflecting
wall and others follow with every L distance. However, the pore-
water pressure generated under the node sections spreads horizontally
towards the anti-nodes due to the diffusion process (Equation 5).
When the results of the standing-wave-only case presented in

Figure 4 is investigated, it can be seen that the results are in full
accord with the theoretical behavior described by Sumer (2014),
indicating the model is capable of capturing the physical mechanism
of liquefaction under standing waves.

Wave parameters (H, T, and L) play a crucial role in residual
liquefaction,directlybyinducingpressurevariationsontheseabedsoil,
and indirectlybydriving thecaissonrocking.Although the results for a
limitednumberofwaveparameterswerepresentedheredue to reasons
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FIGURE 11
Liquefaction criterion: p/σ′0 under the combined effect of rocking motion and standing waves.

FIGURE 12
The accumulated pore pressure (p) under the combined effect of rocking motion and standing waves.

of space, numerical model results for various cases were tested, which
can be found in Angin (2023). Liquefaction susceptibility increases
with increasing H and L, since both increase the amplitude of wave
pressure (pb) and caisson rocking load (pr) on the seabed. To give
the reader a feel about the sensitivity of liquefaction susceptibility
against wave height, the soil would liquefy under standing-wave-only
case if the wave height was increased as much as 50%. On the other
hand, for a constant pair of H and L values, a smaller T would cause
a higher pore-water pressure buildup, given that the source term is
inversely proportional with the wave period, T. In other words, a
faster pace of oscillations would lead to quicker pore-water pressure
buildup and residual liquefaction.

Once the rocking of the caisson was introduced in the numerical
model, the rocking-induced cyclic shear stress became dominant
underneath the caisson leading the intense pore-water pressure
buildup at this hotspot (Figure 9) even larger than that induced by
standing waves under node section.This result is also in conformity
with the theoretical considerations (Sumer, 2014, Section 8.1.2) as
well as experimental findings (Sumer et al., 2008).

In the case of combined action of caisson rocking and standing
waves, the most applicable scenario to the real life, the results
showed that the pore-water pressure buildup around the node
caused by the standing waves was enhanced by the caisson rocking
so much so that residual liquefaction took place even in the node
section (Figure 11).This finding not only agrees with the theoretical

considerations (Sumer, 2014; Section 8.1.2), but also can clearly
explain the encountered liquefaction-induced caisson failure cases
discussed in the Introduction section.

While the presentedmodel was shown to be capable of simulating
pore-water pressure buildup induced by waves and structure motion,
the model has some limitations. First of all, it should be stated that
the poro-elasticity assumption employed in themodel, based on Biot’s
equationsforsoilconstitutivebehavior,maynotadequatelycapturesoil
responses under extreme displacements of the caisson which would
lead to significant shear failures, such as punching shear. Therefore,
caution isadvisedwhenapplyingthemodel tosuchscenarios involving
severe structure displacements. Furthermore, given that the model is
designed to simulate pore-water pressure buildup in the seabed soil
until it reaches up to the initial mean normal effective stress (c.f.
Equation 1), post-liquefaction behavior cannot be simulated by the
present model. This means that the model results would be reliable
only until the soil is liquefied. Another limitation of the presentmodel
is that it is implemented for a 2D problem, whereas 3D effects may
be important in a real-life case, especially around the head section
of a caisson breakwater. At this juncture, it is to be noted that in
a parallel study as part of the NuLIMAS project, a similar model
is implemented in OpenFOAM toolbox, which is capable of dealing
with3Dgeometries andalso simulating thepost-liquefactionbehavior
of seabed soil (Windt et al., 2024; Shanmugasundaram et al., 2025)
as mentioned in the Introduction section. Future work will focus
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on modeling the 3D case of seabed liquefaction around a caisson
breakwater, including the post-liquefaction behavior.

The results presented above shows that the model can be
extended to simulate pore pressure buildup and initiation of seabed
liquefaction around various marine structures (e.g., pipelines,
cables, anchors, foundations, and rubble-mound breakwaters) in
coastal or offshore environments, provided that wave-induced and
structure-induced loadings are accurately described.

5 Conclusion

Amathematical model has been developed to study the buildup
of pore-water pressure at a gravity-based structure, and to check for
liquefaction potential of the seabed under the combined action of
(1) standing waves (that form in front of the structure), and (2) the
rocking motion of the structure itself induced by the waves.

First, the model was validated for the case of residual
liquefaction under progressive waves against analytical results
(for an undisturbed seabed case, Sumer (2014), pp. 87–90) and
against experimental results (for the case of liquefaction around
pipelines, Sumer et al. (2006b)).The results of the validation exercise
show that the numerical model can satisfactorily capture pore-water
pressure buildup and onset of residual liquefaction.

Once the model was validated, liquefaction susceptibility under
standing-waves-only case, rocking-motion-only case, and combined
action of standing waves and rocking caisson was investigated,
respectively, for a given set of tested values of soil and wave
parameters. In the standing-wave-only case, it was seen that the
pore-water pressure buildup under the node section reached up to
p/σ′0 ≈ 0.65, i.e. no liquefaction occurred. For the rocking-motion-
only case, a liquefied zone (p/σ′0 ≥ 1) was seen extending to a depth
of 6 m below the midline at the offshore side of the caisson. For the
combined case of standing waves and caisson rocking, the depth of
liquefaction zone formed due to caisson rocking did not change,
however a second zone of liquefaction appeared due to standing
waves, reaching a depth down to 3 m. As expected, these two
distinct zones of liquefaction were merged, forming a single zone of
liquefaction reaching as far as 15 m offshore from the caisson. This
picture agrees well with the observations from the caisson failure
cases discussed in the Introduction section, and explains the severe
sinking and offshore displacement of the failed caissons.

It is concluded that, for the conditions that can be encountered
in practice, the rocking motion of the caisson is the primary source
of buildup of pore pressure beneath the caisson, and furthermore,
the pore pressure generated by waves is of minor importance. This
emphasizes the importance of precise modeling of the dynamic
behavior of the caisson when estimating the risk of liquefaction
around gravity-based structures.

In terms of reducing the liquefaction susceptibility, the
significance of including a bedding layer in the design is
demonstrated through a comparison between the scenario where
the caisson is placed directly on the seabed and the scenario using a
bedding layer to position the caisson. Also, the bedding layer reduces
the liquefaction risk byminimizing the punching effect in themodel
caused by rockingmotion and by increasing the initial mean normal
effective stresses via the application of overburden pressure.
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Nomenclature

α and β Empirical coefficients

αs Factor related to the spreading of the loaded area with

the soil depth

B Width of the caisson

cv Coefficient of vertical consolidation

d Depth of soil domain

Dr Relative density

E Young’s modulus

e, emin, emax Void ratio, minimum and maximum void ratio of the soil

f Source term for pressure buildup per unit time

φ′ Angle of repose of soil

G Shear modulus of elasticity

γ Specific weight of water

γc Specific weight of the caisson

γ′ Submerged specific weight of soil

h Water depth

hc Height of the caisson

H i Incident wave height

H Height of the standing wave

K Bulk modulus of elasticity of water

k Coefficient fo permeability

k0 Coefficient of lateral earth pressure

L Wave length

λ Wave number

M Pressure-limiter function for source term

n Porosity of the soil

N l Number of cycles to cause liquefaction

ν Poisson’s ratio

ω Angular frequency of the wave

p Accumulated (period averaged) pore pressure

pb Phase-resolved pore-water pressure

pb Wave pressure on the seabed

pc Static overburden on the seabed due to submerged weight of

the caisson

pctotal Total load on the seabed due to the caisson

pr Dynamic load on the seabed due to the rocking of the caisson

pramp
Amplitude of the load on the seabed due to the rocking of

the caisson

Sr Degree of saturation

σ′0 Initial mean normal effective stress

σz Total vertical normal effective stress

σ′z0 Initial vertical normal effective stress

T Wave period

τ Amplitude of the cyclic shear stresses in soil

τxy Shear stresses in soil

u Horizontal soil displacement

v Vertical soil displacement

un Soil displacement normal to the boundary

x Horizontal coordinate

y Vertical coordinate

z Soil depth

Frontiers in Built Environment 14 frontiersin.org

https://doi.org/10.3389/fbuil.2025.1525046
https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org

	1 Introduction
	2 Materials and methods
	2.1 Statement of the problem
	2.2 Methodology
	2.2.1 Step 1
	2.2.2 Step 2

	2.3 Boundary conditions

	3 Results: Progressive waves
	4 Results: Standing waves and rocking motion of the caisson
	4.1 Standing-wave-only case
	4.2 Rocking-motion-only case
	4.3 Both standing waves and rocking motion
	4.4 Discussion of results

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References
	Nomenclature

