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A B S T R A C T

Seepage flows induced by geophysical tsunamis play a significant role in the tsunami boundary layer dynamics 
and associated sediment mobility. However, its impact on sediment transport and seabed morphodynamics in 
the presence of coastal structures remains unclear. In this study, we conduct rigid-bed and morphological 
simulations to investigate the role of seepage response in full-scale tsunami-induced flow features and 
sediment transport around a circular pile. The expressions for the onset threshold of sediment transport and 
the bed load motions are derived considering both bed-slope modifications and three-dimensional seepage 
forces, which are implemented in the coupled hydrodynamic, morphological, and soil models. The rigid-bed 
simulations demonstrate that the seabed suction response to the elevation wave can reduce the bed shear 
stress amplification underneath the contraction of streamlines alongside the pile and lee-wake vortices. The 
seabed injection response to the depression wave increases the stress amplification. It advances the position 
of boundary layer separation over the height of the pile, which further changes the lee-wake vortices. Note 
that the size of the horseshoe vortex and the upward-directed pressure gradient within it are less affected by 
the seepage flows. In morphological simulations, suspended load transport dominates the scour around the 
pile. Seabed suction during the elevation wave can slightly reduce the sediment transport rate, decreasing
the scour depth, especially at the pile side. Seabed injection during the depression wave causes
exacerbated suspended load transport, leading to a more rapid and severe scour at the back of the pile. This
study advances the understanding of seepage effects on tsunami-induced sediment transport and scour
around a monopile foundation.
1. Introduction

Tsunamis can cause devastating impacts when they reach coastlines,
resulting in widespread flooding, destruction of coastal infrastructure,
and loss of life (Lynett et al., 2022; Robbe-Saule et al., 2021; Sarlin
et al., 2021). The destructive potential of tsunamis extends beyond the
immediate impact of the waves. Altered seabed topography, changes
in sediment composition, and the redistribution of nutrients can pose
threats to infrastructure and impact coastal ecosystems (Dawson and
Shi, 2000; Mori et al., 2011; Apotsos et al., 2011; Jayaratne et al.,
2016; McGovern et al., 2019). Tsunami field surveys from the 1992
Nicaragua tsunami to the recent 2022 Tonga tsunami have provided
valuable insights into the scouring effects on coastal structures and
the associated sediment transport dynamics (Satake et al., 1993; Fritz
et al., 2007; Lacy et al., 2012; Yeh et al., 2013; Borrero et al., 2023).
Understanding these processes is crucial for assessing tsunamis’ long-
term ecological and geological impacts, informing disaster management
strategies, and promoting resilient coastal development in vulnerable
regions.

∗ Corresponding author.
E-mail addresses: z.hu@u.nus.edu (Z. Hu), pearl.li@nus.edu.sg (Y.P. Li).

Monopiles are widely used in marine environments for offshore
wind farms, oil/gas platforms, and bridge foundations (Gupta and Basu,
2020; Zou et al., 2021; Guan et al., 2022). While there have been
numerous studies on scour around piles subjected to waves (Sumer
et al., 1992; Sumer and Fredsøe, 2002; Baykal et al., 2017; Chen et al.,
2022; Zhang et al., 2023), tidal currents (Roulund et al., 2005; Zhao
and Cheng, 2008; Zhao et al., 2010; Baykal et al., 2015; Whitehouse
and Stroescu, 2023), and combined waves and current (Sumer and
Fredsøe, 2001; Sumer et al., 2013; Qi and Gao, 2014; Chen and Li,
2018; Larsen and Fuhrman, 2023) in past decades, the potential scour
induced by the tsunami attack has received relatively little specific
attention. Tsunamis are expected to have different scour mechanics
from these conventional ocean loads. From the hydrodynamic per-
spective, tsunamis are characterized by long waves, typically with
periods spanning from minutes to hours and wavelengths extending
over hundreds of kilometers (Carrier et al., 2003; Madsen et al., 2008;
Chan and Liu, 2012; Liu and Higuera, 2022). The tsunami propa-
gation and inundation have been extensively investigated (Sugawara
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et al., 2014; Larsen and Fuhrman, 2019a; Omira et al., 2022; Ren
et al., 2023). The studies on the associated boundary layer dynam-
ics are limited but significant for assessing the interaction with the
seabed, i.e., sediment transport and morphological process. Williams
and Fuhrman (2016) numerically simulated the transient wave bound-
ary layers at full-tsunami scales using a one-dimensional vertical (1DV)
Reynolds-averaged Navier–Stokes (RANS) model, which suggests that
he boundary layers underneath tsunamis exhibit characteristics akin
o currents, owing to their prolonged duration, while also retaining
ave-like attributes, as their thickness may not extend across the

entire water depth. This aligns with field measurements recorded in
orthern Monterey Bay during the 2010 Chile tsunami arrival (Lacy
t al., 2012), as well as computational fluid dynamics (CFD) simulations
onducted on full-scale tsunamis approaching various constant sloped

areas (Larsen and Fuhrman, 2019b).
There are limited studies on the tsunami-induced scour around

offshore and coastal structures. Wilson et al. (2012) compared the
video, bathymetry, and sediment data from harbors in California (USA)
before and after the 2011 Tohoku tsunami. They showed significant
scour and deposition within the harbors, which could contribute to
the weakening foundations and long-term usability problems. Addition-
ally, Bricker et al. (2012) conducted field measurements on the scour
epth on the landward side of seawalls and foundation footings induced
y the 2011 Tohoku tsunami. Chen et al. (2013) investigated tsunami-
nduced scour at coastal roadways through experimental studies. Larsen
t al. (2017, 2018) numerically and experimentally investigated the
sunami-induced scour around a monopile structure using the standard

shear stress descriptions, where the tsunami flow is represented as a
ime-varying current, and the free-stream velocity is given by either a
inusoidal wave or a single wave (elongated soliton). However, Tonkin

et al. (2003) found that the standard shear stress model cannot qualita-
tively explain the rapid scour at the back of the cylinder under low flow
elocity at the end of tsunami draw-down from a large-scale experi-
ent. They showed that the development of pore-pressure gradients in

he underlying soil associated with rapid drops in water levels buoys
p the superficial sediment, which decreases the onset threshold of the
ediment motion. When the pore-pressure gradient exceeds the buoyant
eight of the sediment, the effective stress between sediment grains

ould vanish to form momentary liquefaction, making the sediment
eadily scoured (Sumer and Fredsøe, 2002; Sumer, 2014; Qi and Gao,

2018; Li et al., 2018, 2020a). The effect of the increased pore-pressure
gradient on the tsunami scour process was studied by Nakamura et al.
(2008) for a land-based square structure and by Hu et al. (2024) for a
ubmarine pipeline. The tsunami-induced momentary liquefaction was
etected in the large-scale experiments of Yoshii et al. (2017, 2018),

analytical and numerical solutions (Liu et al., 2007; Tong and Liu,
2022), and the collapse processes of a quay wall in Konakano, Japan,
under no ground shaking and low flow velocity during the draw-down
period of the 1960 Chilean tsunami, as reported by Yeh and Mason
(2014). Understanding the effect of pore-pressure gradients is crucial
or accurately estimating tsunami-induced scour.

Recent studies have attempted to reveal the effect of pore-pressure
gradients on sediment transport. The incipient motion threshold for
sediment particles on a flatbed subjected to the vertical (Guo et al.,
2019), two-dimensional (Zhai et al., 2021a; Wang et al., 2024), and
three-dimensional seepage forces (Zhai et al., 2021b) were modified
rom the classic Shields parameter description. The bed-slope modifica-
ions on the critical Shields parameter and bed load transportation were
urther considered in the presence of vertical seepage forces (Cheng

and Chiew, 1999; Li et al., 2020a; Hu et al., 2024). However, the
general expression considering both bed-slope modifications and three-
dimensional seepage forces has not yet been proposed. In addition
o seepage forces, the seepage velocities induced by pore-pressure

gradients could, in turn, significantly affect the profiles of the near-
ed flow velocity and bed shear stresses (Cheng and Chiew, 1998;

Chen and Chiew, 2004; Dey and Nath, 2010; Sharma and Kumar,
2 
2017; Li et al., 2020a; Taye et al., 2023). Hu et al. (2024) showed
he competing seepage effects on the onset threshold of sediment
ransport and the bed shear stress, which results in not necessarily
ncreased bed load transport during the tsunami draw-down. However,
ost previous models addressing seepage effects on sediment transport
ave overlooked these impacts. The bed shear stress influenced by
eepage velocities was not resolved due to the one-way coupling of
he model (Guo et al., 2019; Zhai et al., 2021a; Zhai and Jeng, 2024).
ncorporating the two-way coupling of wave pressure and soil response

such as Zhai and Jeng (2022) and Ye et al. (2024) into the sediment
ransport and seabed morphological model can better characterize the
ole of seepage effects on scour. Sui et al. (2024) investigated seabed

response and liquefaction around monopile in the context of short
aves. The pre-specified scour hole reduces pore pressure and creates
 more uniform liquefaction depth around the monopile, which inten-
ifies with higher soil saturation but varies with permeability. The role
f seepage response on the flow features and scour around monopiles
nduced by the tsunami attack has not been previously studied, either
xperimentally or numerically. In scaled flume experiments, the pore-
ressure gradients induced by waves in the surficial seabed are usually
uch lower than the buoyant weight of the sediment (Qi and Gao,

2014). Moreover, replicating tsunami waves experimentally is indeed
hallenging due to their prolonged duration. Consequently, it is hard
o directly observe the seepage effects on tsunami scour in a laboratory
xperiment.

In the present study, we conduct full-scale rigid-bed and mor-
phological simulations to investigate the role of seepage response in
tsunami-induced flow features and scour around a circular pile. The
remainder of the paper is organized as follows. Section 2 presents the
nset threshold of sediment transport and the bed load transportation
or the particle on a sloping bed subjected to the three-dimensional

seepage forces. These are implemented into the coupled hydrodynamic,
morphological, and soil models. The model is then validated against
he laboratory experiments of a turbulent boundary layer subjected

to seepage velocities and tsunami-induced scour around a monopile.
Section 3 describes the used full-scale tsunami signal and the cor-
responding seepage response. Section 4 discusses the main tsunami
flow features around a circular pile with and without considering the
seepage effects. Section 5 presents the seepage effects on the evolution
of tsunami-induced scour. Finally, conclusions are drawn in Section 6.

2. Models and methodologies

In this section, we first derive the onset threshold of sediment
transport and the bed load transportation for a particle on a sloping bed
subjected to the three-dimensional seepage forces in Sections 2.1 and
2.2. We then present the fully coupled hydrodynamic, morphological,
and soil models with further consideration of the dynamic seepage
response in Section 2.3. Furthermore, we validate the model against
laboratory experiments in Section 2.4. Finally, we show the model
etup and boundary conditions for simulating the sediment transport
nd morphological processes around a circular pile subjected to the
sunami waves in Section 2.5.

2.1. Onset threshold of sediment transport

For flow over a bed composed of cohesionless grains (see Fig. 1),
he driving force on a non-moving spherical sediment particle consists

of the flow-induced drag force 𝐹𝐷 in the flow direction and lift force
𝐹𝐿 in excess of the natural buoyancy. Since the lift force has a similar
expression as the drag force, the driving force can be given in the
following form (Fredsøe and Deigaard, 1992, pp. 201–202)

𝐹𝐷 = 1
2
𝜌𝐶𝐷

𝜋
4
𝑑2

(

𝑎𝑈𝑓
)2 , (1)

where 𝜌 is the density of fluid, 𝐶𝐷 stands for a drag (and lift) coefficient,
𝑑 is the median diameter of the particle, 𝑈 is the friction velocity,
𝑓
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Fig. 1. Force balance on a single moving sediment particle on a sloping bed.
and 𝑎 is an empirical constant, taken as 𝑎 = 10 (Engelund and Fredsøe,
1976; Roulund et al., 2005). The three-dimensional seepage force 𝐹𝑆 =
(𝐹𝑆 𝑥, 𝐹𝑆 𝑦, 𝐹𝑆 𝑧) in the Cartesian coordinate system is induced by the
pore-pressure gradient at the bed surface, expressed as

𝐹𝑆 =
𝑖𝜌𝑔 𝜋 𝑑3
6 (1 − 𝑛) , (2)

where 𝑖 = (𝑖𝑥, 𝑖𝑦, 𝑖𝑧) is the hydraulic gradient at the surficial bed, 𝑔 is
the gravitational acceleration, and 𝑛 is the porosity of the sediment
particles (Cheng and Chiew, 1998). The submerged weight of the
particle is given by

𝑊 =
(𝑠 − 1) 𝜌𝑔 𝜋 𝑑3

6
, (3)

where 𝑠 denotes the specific gravity. The stabilizing force is the fric-
tional force acting on a particle at rest. The threshold of the incipient
sediment motion on a sloping bed is attained when the driving force
on the particle is about to exceed the stabilizing force

(

𝐹𝐷 𝑐 sin 𝛼 − 𝐹𝑆 𝑥 cos 𝛾 + 𝐹𝑆 𝑦 sin 𝛾
)2

+
[

𝐹𝐷 𝑐 cos 𝛼 +
(

𝑊 − 𝐹𝑆 𝑧
)

sin 𝛽 +
(

𝐹𝑆 𝑥 sin 𝛾 + 𝐹𝑠𝑦 cos 𝛾
)

cos 𝛽
]2

= 𝜇2𝑠
[(

𝑊 − 𝐹𝑆 𝑧
)

cos 𝛽 −
(

𝐹𝑆 𝑥 sin 𝛾 + 𝐹𝑆 𝑦 cos 𝛾
)

sin 𝛽
]2 ,

(4)

where 𝐹𝐷 𝑐 is the critical drag force, 𝛽 is the angle of the sloping bed,
i.e., the angle between the steepest slope and horizontal plane, 𝛼 is the
angle between the flow velocity vector and the direction of the steepest
bed slope, 𝛾 is the angle between 𝐹𝑆 𝑥 and the transverse direction of the
bed slope, 𝜇𝑠 = t an 𝛽𝑟 is the static friction coefficient for the sediment,
and 𝛽𝑟 is the angle of repose. Assuming that the seepage flow marginally
influences the static friction coefficient of sediment particles (Zhai and
Jeng, 2024), the force balance determines the dimensionless form of
the critical bed shear stress, critical Shields parameter 𝜃𝑐

𝜃𝑐 =
𝑈2
𝑓 𝑐

(𝑠 − 1) 𝑔 𝑑
=
𝜃𝑐 𝑜,𝑖=0
𝜇𝑠𝑖𝑐

[

𝐴 sin 𝛼 − 𝐵 cos 𝛼 +
√

(𝐴 sin 𝛼 − 𝐵 cos 𝛼)2 −
(

𝐴2 + 𝐵2 − 𝐶2
)

]

,

(5)

where 𝑈𝑓 𝑐 is the critical friction velocity and 𝑖𝑐 = (𝑠 − 1)(1 − 𝑛) is
the critical hydraulic gradient to cause fluidization of a bed, which
is determined by the specific gravity and porosity of sediment grains.
𝜃 = 4𝜇 ∕3𝑎2𝐶 is the critical Shields parameter on a flatbed
𝑐 𝑜,𝑖=0 𝑠 𝐷

3 
without seepage flows, which can be obtained from the classic Shields
diagram (Fredsøe and Deigaard, 1992, pp. 201–203). The coefficients
are given by

𝐴 = 𝑖𝑥 cos 𝛾 − 𝑖𝑦 sin 𝛾;
𝐵 =

(

𝑖𝑐 − 𝑖𝑧
)

sin 𝛽 +
(

𝑖𝑥 sin 𝛾 + 𝑖𝑦 cos 𝛾
)

cos 𝛽;
𝐶 = 𝜇𝑠

[(

𝑖𝑐 − 𝑖𝑧
)

cos 𝛽 −
(

𝑖𝑥 sin 𝛾 + 𝑖𝑦 cos 𝛾
)

sin 𝛽
]

.

⎫

⎪

⎬

⎪

⎭

(6)

When only the vertical seepage force is considered, i.e., 𝑖𝑥 = 0 and
𝑖𝑦 = 0, the critical Shields parameter can be reduced to the expression
proposed by Hu et al. (2024)

𝜃𝑐 =
(

1 − 𝑖𝑧
𝑖𝑐

)

⎛

⎜

⎜

⎝

cos 𝛽

√

1 − sin2 𝛼 t an2 𝛽
𝜇2𝑠

−
cos 𝛼 sin 𝛽

𝜇𝑠

⎞

⎟

⎟

⎠

𝜃𝑐 𝑜,𝑖=0. (7)

2.2. Bed load transportation

We extend the bed load transport formulation of Roulund et al.
(2005), who extended the well-known transport formulation of Engelund
and Fredsøe (1976) to include three-dimensional effects as well as
bed-slope modifications, to consider an additional three-dimensional
seepage force induced by the pore-pressure gradient in the soil. The bed
load formula considers the equilibrium of forces acting on a bed load
particle, containing the agitating and the stabilizing forces. When the
bed load particles are moving with a mean transport velocity 𝑈𝑏 shown
in Fig. 1, the agitating force due to the streamwise flow is expressed
by (Fredsøe and Deigaard, 1992, p. 210)

𝐹𝐷 = 1
2
𝜌𝐶𝐷

𝜋
4
𝑑2𝑈2

𝑟 , (8)

where 𝑈𝑟 is the relative velocity between the flow and the particle

𝑼 𝑟 = 𝑎𝑼𝑓 − 𝑼 𝑏, (9)

and 𝐶𝐷 can be obtained from the force balance for a bed load particle
on a horizontal bed under the critical velocity, which is further modi-
fied according to the experimental data (Fredsøe and Deigaard, 1992,
p. 211)

𝐶𝐷 =
4𝜇𝑑

3𝑎2
(

1
2 𝜃𝑐 𝑜

) , (10)

where 𝜇𝑑 represents the dynamic friction coefficient, 1
2 𝜃𝑐 𝑜 was sug-

gested by Fernandez Luque and Van Beek (1976) from their experi-
mental observations.
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Fig. 2. Sketch and flowchart of the coupled CFD model. The blue arrows represent the data transfer direction, while the numbers denote the solving sequence at each time step.
The free surface is shown for illustration only and is not included in the model.
We consider the two components of the equation of the particle
motion influenced by the three-dimensional seepage force. Assuming
that the particles move at a constant velocity on average 𝑈𝑏, the
equation of motion in the direction of the particle motion is:
𝐹𝐷 cos𝜓1 +

[(

𝑊 − 𝐹𝑆 𝑧
)

sin 𝛽 +
(

𝐹𝑆 𝑥 sin 𝛾 + 𝐹𝑠𝑦 cos 𝛾
)

cos 𝛽
]

cos(𝛼 − 𝜓)

−
(

𝐹𝑆 𝑥 cos 𝛾 − 𝐹𝑆 𝑦 sin 𝛾
)

sin(𝛼 − 𝜓)

−𝜇𝑑
[(

𝑊 − 𝐹𝑆 𝑧
)

cos 𝛽 −
(

𝐹𝑆 𝑥 sin 𝛾 + 𝐹𝑆 𝑦 cos 𝛾
)

sin 𝛽
]

= 0.
(11)

The equation of motion in the direction perpendicular to 𝑈𝑏, on the
other hand, reads:

𝐹𝐷 sin𝜓1 −
[(

𝑊 − 𝐹𝑆 𝑧
)

sin 𝛽 +
(

𝐹𝑆 𝑥 sin 𝛾 + 𝐹𝑠𝑦 cos 𝛾
)

cos 𝛽
]

sin(𝛼 − 𝜓)

−
(

𝐹𝑆 𝑥 cos 𝛾 − 𝐹𝑆 𝑦 sin 𝛾
)

cos(𝛼 − 𝜓) = 0.
(12)

There are also the following geometric relations from Fig. 1
𝑈𝑟 sin𝜓1 − 𝑎𝑈𝑓 sin𝜓 = 0, (13)

and

𝑈𝑟 cos𝜓1 − 𝑎𝑈𝑓 cos𝜓 + 𝑈𝑏 = 0. (14)

Eqs. (11)–(14) are to be solved for the four unknowns, namely 𝑈𝑏, 𝑈𝑟,
𝜓 , and 𝜓1. The Newton–Raphson technique has solved these equations
in full form. Once mean particle velocity 𝑈𝑏 is determined, the rate
of bed load transport 𝑞𝑏 can be determined by (Fredsøe and Deigaard,
1992, p. 211)

𝑞𝑏 =
𝜋
6
𝑑3
𝑝𝐸 𝐹
𝑑2

𝑈𝑏, (15)

where 𝑝𝐸 𝐹 is the percentage of the topmost particles in motion, ex-
pressed by (Fredsøe and Deigaard, 1992, p. 213)

𝑝𝐸 𝐹 =

[

1 +
(

𝜋 𝜇𝑑
6(𝜃 − 𝜃𝑐 )

)4
]−1∕4

, (16)

where the dimensionless form of the bed shear stress, Shields parameter
𝜃, is given by

𝜃 =
𝑈2
𝑓

(𝑠 − 1)𝑔 𝑑 . (17)
4 
2.3. Hydrodynamic, morphological, and soil models

The numerical model used in this study integrates the fully cou-
pled hydrodynamic and morphological CFD framework introduced
by Jacobsen (2011), Jacobsen et al. (2014), with the additional incor-
poration of the dynamic seepage response obtained by the anisotropic
Biot’s consolidation model (Biot, 1941).

The hydrodynamic model solves the incompressible three-
dimensional RANS equations within a Cartesian coordinate system.
The closure is achieved using the two-equation 𝑘–𝜔 turbulence model
proposed by Wilcox (2006, 2008), where 𝑘 represents turbulent kinetic
energy, and 𝜔 denotes specific turbulent dissipation rate. The morpho-
logical model addresses both bed load and suspended load transport.
Bed load transport follows the method described in Sections 2.1 and
2.2. Expressions for critical bed shear stress and bed load transport
are adapted to incorporate the influence of three-dimensional seepage
forces and bed-slope modifications. The suspended sediment model is
based on a turbulent-diffusion equation (Fredsøe and Deigaard, 1992,
p. 238). The evolution of seabed morphology, represented by bed
elevation, is governed by a sediment continuity (Exner) equation. A
physics-based sand slide model (Roulund et al., 2005) is employed to
ensure that the local bed angle does not surpass the angle of repose. The
evolution of bed morphology is based on the instantaneous sediment
transport fields. Note that the model does not rely on averaged mor-
phological rates over a specific time frame or any other temporal scale.
Therefore, morphological and hydrodynamic times are equivalent,
i.e., the morphological and hydrodynamic models are fully coupled.
For comprehensive understanding, readers are directed to Fuhrman
et al. (2014) for further elucidation. The seepage response is based
on the soil model developed by Li et al. (2020c) who employed the
classical Biot’s consolidation equations (Biot, 1941) to simulate the
interaction between the soil skeleton and the pore fluids, considering
the anisotropic soil characteristics. The soil domain is governed by a
quasi-static momentum balance equation for soil mixture and a mass
balance equation of the pore fluid based on Darcy’s law. The seabed is
nearly saturated, and the soil skeleton generally obeys Hooke’s law with
elastic properties. The governing equations and the solving procedure
for this soil model can be referred to Li et al. (2020c).

Fig. 2 shows the sketch and flowchart of the coupled CFD model. At
each time step, the tsunami wave signal prescribes the dynamic wave
pressure on the fluid–soil interface to calculate the pore pressures and
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Fig. 3. Comparison of velocity profiles of the streamwise flow subjected to the seabed (a) suction and (b) injection between the numerical and experimental results.
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displacements in the soil domain. The pore-pressure gradients are then
obtained at the surficial seabed and transferred to the hydrodynamic
and morphological modules. The seepage velocities are specified at the
eabed surface, which influences the boundary layer and the result-
ng bed shear stress. Moreover, the seepage forces alter the critical
hields parameter and the bed load transportation. The flow drives

the transport of bed and suspended loads, leading to the evolving bed
levation. The underneath bed, in turn, updates the bottom boundary

topography by moving the computational mesh, influencing the fluid
dynamics. The fully coupled model is solved using the open-source
CFD toolbox OpenFOAM, version foam-extend 3.1. Employing a finite
volume spatial discretization with a collocated variable arrangement, it
s coupled with a standard PIMPLE algorithm (Patankar and Spalding,

1972; Issa, 1986).

2.4. Model validations

2.4.1. Velocity profile subjected to the bottom seepage
First, we validate the present model against the experiment con-

ducted by Dey and Nath (2010) for the velocity profiles of a turbulent
pen-channel flow over an immobile rough bed subjected to boundary
njection and suction. The experiment was conducted in a glass-walled
ectangular flume. The rough bed placed in the flume is simulated by
 uniform gravel layer with a median diameter 𝑑 = 4.1 mm and a
pecific gravity 𝑠 = 2.65. The gravel bed has a roughness length 𝑘𝑠 of 𝑑
ased on velocity measurements, as reported by Dey and Nath (2010).

Under bed injection and suction conditions, the seepage kit beneath
the gravel layer produces uniformly distributed seepage with velocities
𝑣𝑠 = 4 mm/s and 𝑣𝑠 = −3 mm/s, respectively. The water depth ℎ and
he friction velocity 𝑈𝑓 for the streamwise flow without the seepage
re 0.15 m and 0.033 m/s, respectively. In the present computational
lume for numerical reproduction, the smallest cells near the bed have
 height equal to 0.5𝑑. The flow is driven by the body force 𝐹 = 𝑈2

𝑓∕ℎ
nd eventually reaches a fully developed state with a separate 1DV
oundary layer simulation. Thereafter, the profiles of 𝑢, 𝑘, and 𝜔 are

specified at the inlet boundary of the two-dimensional simulation based
on a Dirichlet boundary condition. The seepage velocity is then applied
at the bottom boundary of the numerical flume. Fig. 3 compares the
velocity profiles of the streamwise flow, 𝑢𝑥, subjected to the seepage
between the numerical results and the experimental data measured at
5 
the center line of the flume. It is seen that a good agreement is achieved
for both injection and suction conditions, especially for the water layer
ear the bed. The discrepancies near the water surface might be due to
he free surface effects as the Froude number based on the water depth
 𝑟 ∼ 𝑂(0.5), see Roulund et al. (2005).

2.4.2. Tsunami-induced scour around a monopile
Section 2.4.1 has validated the capability of the present model to

simulate the velocity profile of the turbulent boundary layer subjected
to the bottom seepage. To further validate the capability of tsunami
scour modeling, the laboratory experiment of Larsen et al. (2018) on
the tsunami-induced scour around a monopile is numerically repro-
duced herein. Note that this experiment did not include seepage effects,
since a pump is used to generate the flow without considering the
varying wave surface. Therefore, in our simulation of this experiment,
the seepage effect is excluded as well. In the physical experiment,
the down-scaled tsunami is represented as a single (elongated soliton)
wave with the free-steam velocity of 𝑈𝑥 = 𝑈𝑚 sech2

(

2𝜋
𝑇 𝑡

)

in a water
depth ℎ = 2.7𝐷, where the circular pile diameter 𝐷 = 0.1 m. The

edian diameter of the sandy bed 𝑑 = 0.18 mm and the grain Reynolds
umber 𝑈𝑓𝑑∕𝜈 ≈ 3 as reported by Larsen et al. (2018), where 𝑈𝑓

is the friction velocity and 𝜈 is the kinematic viscosity. The critical
Shields parameter 𝜃𝑐 𝑜 = 0.06 is then used according to the classic
hields diagram with the curve fitting equation proposed by Sui et al.

(2021). The present numerical simulation applies the same velocity
signal as that in the experiment of Larsen et al. (2018), i.e., a single
wave. Note that Larsen et al. (2018) also numerically reproduced the
xperiment in their work, with different input parameters compared to

the present study. The critical Shields parameter they adopted, 0.05, is
slightly smaller than the reality, as mentioned by Larsen et al. (2018).

herefore, we will only compare with their experimental results here,
s a direct comparison to their numerical results is not feasible.

Fig. 4(a) shows the velocity profiles for the streamwise flow at the
eak with the maximum free-stream velocity 𝑈𝑚 = 0.51 m∕s and the
haracteristic wave period 𝑇 = 123 s. The present numerical model
ffectively reproduces the dynamics of the transient boundary layer.
otably, the boundary layer induced by the tsunami does not extend
cross the entire water depth (Williams and Fuhrman, 2016; Larsen

and Fuhrman, 2019b). The experimental case with 𝑈𝑚 = 0.42 m∕s
and 𝑇 = 147 s was selected for tsunami scour validations. Fig. 4(b)
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Fig. 4. Comparison of (a) velocity profile at the peak, (b) free-stream velocity, and (c) scour depth at the front (𝜙 = 0◦) and front side (𝜙 = 30◦) of a circular pile between the
umerical and experimental results.
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compares the free-stream velocity between the experimental and nu-
merical results. The flow velocity in the numerical flume is generally
onsistent with the experimental measurement of Larsen et al. (2018).

Some discrepancies are observed around the initial acceleration and
final deceleration phases due to the difficulties in controlling the pump
to fit the sech2 profile in the experiment (Larsen et al., 2018). Fig. 4(c)
presents the development of scour depth at the front (𝜙 = 0◦) and
ront side (𝜙 = 30◦) of the circular pile, where 𝜙 is the angle from the
enter line. After several waves in succession, the predicted scour depth
radually develops in a cumulative way, which reasonably agrees with
he experimental measurement, especially for 𝜙 = 0◦. Note that the
cour depth at the front side of the pile is remarkably overestimated,

particularly during the first tsunami period. This is because the bed in
the experiment is not completely flat as in the computational domain,
although it is leveled case by case, as reported by Larsen et al. (2018).
The small bed forms can increase the flow resistance and thus decrease
the bed shear stress compared with the model prediction (Larsen et al.,
2018). This influence fades away after several tsunami waves as the
scour depth is expected to approach equilibrium.

Overall, the above validations against the laboratory experiments
emonstrate the numerical model’s capability to reliably predict the
sunami-induced scour around a circular pile considering seepage ef-
ects.

2.5. Model setup and boundary conditions

Unless otherwise stated, the fluid computational domain has a
length of 20𝐷, a width of 15𝐷, and a height of 2.7𝐷, as sketched
in Fig. 5, where 𝐷 is the diameter of the circular pile. The pile
ixed in the center of the domain is set as the origin (𝑥 = 0 and
= 0). The computational domain is spatially discretized into finite

olumes with varying sizes, where the heights of the cells closest to
he pile and seabed are 0.02𝐷 and 𝑑, respectively, same as Larsen
6 
et al. (2017). The number of nonuniform cells along the 𝑥, 𝑦, and
directions are 116, 96, and 48, respectively. Accordingly, the total

umber of cells compromising the computational mesh is 340992. The
aximum Courant number is set to 0.35. During the scour calculations,

he computational mesh is continuously deformed according to the
volution of seabed topography. To avoid excessive erosion caused by
he flow at the boundary, the seabed is constrained near the inlet and
utlet boundaries and gradually relaxed to its full morphology, i.e., the
eabed topography near the inlet and outlet boundaries is fixed without
esh deformation (Baykal et al., 2015, 2017; Larsen et al., 2017, 2018).
he soil computational domain has the same length and width as the
luid domain and a thickness of 5.6𝐷, where the heights of the cells
losest to the pile and seabed are 0.02𝐷.

Boundary conditions for all upcoming simulations are as follows.
In the fluid domain, the top of the computational domain (Fig. 5) is
modeled as a frictionless slip wall, where the normal velocity com-
onent is set to zero, and the tangential component of velocity and

scalar hydrodynamic quantities have a zero normal gradient. It means
that we perform single-phase fluid simulations, i.e., the free surface of
tsunami waves is not involved in this study. It is reasonable, provided
hat the Froude number based on the water depth (ℎ), 𝐹 𝑟, is sufficiently
ow (Roulund et al., 2005). 𝐹 𝑟 = 𝑈𝑚∕

√

𝑔 ℎ = 𝑂(0.18) for the simulated
tsunami waves shows negligible free surface effects, where 𝑈𝑚 is the
velocity magnitude and 𝑔 is the gravitational acceleration. For the side
boundaries, a slip boundary condition is applied for the velocity 𝑢, and
a zero-gradient boundary condition is imposed for other quantities. It
is noted that the more complex topography (e.g., run-up on a beach)
and presence of structures are expected to affect the sinusoidal velocity
signal (Hu et al., 2023; Hu and Li, 2023). However, modeling the free
surface of the three-dimensional (3D) full-scale tsunami-scour problem
gives expensive computational costs with the advanced CFD models
herein, thus we focus only on the sediment transport process within
the boundary layer. In our 3D simulations, tsunami waves are generated
based on a Dirichlet condition at the inlet boundary for the simulations
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Fig. 5. Computational domains.
with the pile. The profiles of 𝑢, 𝑘, and 𝜔 are derived from a separate
simulation that models a 1DV pure boundary layer in the same domain
but without the pile, the same as that in Li et al. (2020b). Neumann
boundary conditions are enforced for the other variables, while zero-
gradient boundary conditions are set at the outlet boundary, except for
the pressure 𝑝, which is specified as zero.

The pile and seabed boundaries are modeled as no-slip hydrauli-
cally smooth and rough walls, employing a generalized wall function
approach. The friction velocity 𝑈𝑓 is computed from the tangential
velocity at the nearest cell center, following the profile formulated
by Cebeci and Chang (1978), which extends the work of Van Driest
(1956) to account for roughness effects. At the seabed, Nikuradse’s
equivalent sand grain roughness is set as 𝑘𝑠 = 2.5𝑑 to represent
hydraulic roughness, where 𝑑 denotes the median diameter of the
particle. For the pile surface, a minimal value of 𝑘𝑠 = 1 × 10−5 m is
applied to signify hydraulically smooth conditions. The friction velocity
is subsequently employed for 𝑘 and 𝜔 computations in cells adjacent
to the wall. Additional details can be found in Fuhrman et al. (2014).
According to Darcy’s law, the seepage velocity 𝑣𝑠 = 𝐾 𝑖 is prescribed at
the bottom seabed boundary, including the kinematic effect of seepage
flows, where 𝐾 is the soil permeability.

At the wave-seabed interface within the soil domain, a zero-traction
condition is applied to the soil, while the pore pressure is set to
the dynamic wave pressure using a Dirichlet boundary condition. At
the pile-soil interface, a zero-gradient boundary condition is imposed
on the pore pressure, and soil displacement is constrained to zero,
assuming the pile is immovable. Along the lateral boundaries of the
soil, the pore pressure is assigned a zero normal gradient, and the soil
skeleton is allowed to slip. At the bottom boundary of the soil, a zero-
gradient condition is maintained for pore pressure, and the soil skeleton
is fixed with zero displacement.

3. Tsunami signal and seepage response

We use the advanced CFD models to investigate the full-scale
tsunami scour with three-dimensional seepage effects. The parameters
of the tsunami wave, seabed, and pile are listed in Table 1. The
renowned signal of the 2004 Indian Ocean tsunami event, as recorded
aboard the yacht Mercator at a water depth of ℎ = 14 m, serves as the
7 
field tsunami scale in this study. Madsen et al. (2008) approximated
the leading wave of this signal as a sinusoidal wave characterized by
an amplitude 𝐴𝑤 = 2.5 m and a period 𝑇 = 780 s. The two half-cycles
can be considered as an elevation wave and depression wave (Larsen
et al., 2017), respectively. Thus, the velocity can be obtained by linear
shallow water theory, i.e., 𝑈𝑚 = 𝐴𝑤

√

𝑔∕ℎ. The wave pressure distri-
bution is generally assumed to vary hydrostatically under long waves
in shallow water. The dynamic wave pressure on the seabed varies
linearly with the free surface elevation 𝑝 = 𝜌𝑔 𝐴𝑤 sin( 2𝜋𝑇 𝑡). A sinusoidal
model provides a more accurate representation of this tsunami event
than a solitary wave model which only accounts for positive surface
displacements and does not allow for the independent determination of
effective period and amplitude, as discussed by Madsen et al. (2008).
Moreover, based on free surface wave records from multiple locations
during the 2011 Tohoku tsunami in Japan, Chan and Liu (2012)
similarly concluded that the leading tsunami waves, both in the near-
field and far-field regions, can be described as small-amplitude long
waves, aligning with the used linear shallow-water theory (Larsen et al.,
2017). The boundary layer thickness 𝛿 is estimated by the expression
given by Williams and Fuhrman (2016) for the hydraulically rough
condition:
𝛿
𝑎
= 0.05

(

𝑎
𝑘𝑠

)−0.11
, (18)

where 𝑎 = 𝑈𝑚𝑇 ∕2𝜋 is the characteristic length scale. The Keulegan–
Carpenter number (Keulegan and Carpenter, 1958) is given by

𝐾 𝐶 =
𝑈𝑚𝑇
𝐷

, (19)

which govern the formation and excursion of the wake pattern during
oscillatory motion. As tsunami waves propagate, the pore pressure 𝑝𝑒 in
the underlying soil bed is estimated by the anisotropic soil model driven
by the dynamic wave pressure. The hydraulic gradient of seepage flows
𝑖 = (𝜕 𝑝𝑒∕𝜕 𝑥, 𝜕 𝑝𝑒∕𝜕 𝑦, 𝜕 𝑝𝑒∕𝜕 𝑧)∕𝜌𝑔 at the surficial seabed is then obtained
and imposed on the seabed of the hydrodynamic and morphological
modules at each time step. In our simulations, each full-scale tsunami
period requires approximately 20 days of computation using 36 pro-
cessors on the supercomputer of the National Supercomputing Centre
(NSCC), Singapore.

Fig. 6 presents the calculated pore-pressure profiles and the hy-
draulic gradients for the full-scale tsunami. The downward pressure
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Fig. 6. Tsunami-induced (a) pore-pressure head profiles and (b) vertical hydraulic gradient 𝑖𝑧 profiles at the front of the pile.
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Table 1
Parameters of the tsunami wave, seabed, and pile.

Parameters Value Unit

Tsunami parameters

Wave amplitude (𝐴𝑚) 2.5 [m]
Wave period (𝑇 ) 780 [s]
Water depth (ℎ) 14 [m]
Boundary layer thickness (𝛿) 3.25 [m]
Froude number (𝐹 𝑟) 0.18 [–]
Keulegan–Carpenter number (𝐾 𝐶) 653 [–]
Reynolds number (𝑅𝑒) 5.2 × 106 [–]

Seabed parameters

Sediment median diameter (𝑑) 0.35 [mm]
Seabed thickness (ℎ𝑠) 14 [m]
Permeability (𝐾) 1 × 10−3 [m/s]
Shear modulus (𝐺𝑠) 2.64 × 107 [N/m2]
Specific gravity (𝑠) 2.65 [–]
Poisson’s ratio (𝜈) 0.3 [–]
Saturation factor (𝑆𝑟) 0.9 [–]
Porosity (𝑛) 0.4 [–]

Pile parameters

Diameter (𝐷) 2.5 [m]

force can be observed during the elevation wave, while the upward
pressure force is exerted on the upper soil during the depression
wave. Fig. 7(a) presents the free-stream velocity during the tsunami
propagation on a fixed flatbed. The corresponding surficial seepage
response at the front of the circular pile is sequentially suction (flow
into the bed) and injection (flow out of the bed). The 𝑥- and 𝑦-directed
hydraulic gradients are negligible compared with the vertical direction.
Fig. 7(b) shows the tsunami-induced Shields parameter 𝜃𝑜 (Eq. (17))
and critical Shields parameter 𝜃𝑐 𝑜 (Eq. (5)) at the flatbed. The ‘‘seepage-
n’’ case considers the seepage response induced by the tsunami loading
n the underlying soil. The ‘‘seepage-off’’ case is a control group without
onsidering the seepage. Compared with the ‘‘seepage-off’’ case, the

seabed suction increases both the bed shear stress (𝜃𝑜) and critical bed
hear stress (𝜃𝑐 𝑜). However, the seabed injection shows the opposite
ffect. The competing trends of the fluid–sediment momentum transfer

and onset threshold of sediment motion influence the tsunami-induced
sediment (Hu et al., 2024).

4. Seepage effects on tsunami flow features around a circular pile

In this section, we conduct full-scale rigid-bed simulations to inves-
igate the effects of dynamic seepage response on main flow character-
stics around a vertical slender pile subjected to tsunamis, i.e., separate
8 
horseshoe vortices formed in front and back of the pile during succes-
sive half cycles, lee-side vortices in the form of vortex shedding, and
ontracted streamlines around the side edges of the pile (Sumer and

Fredsøe, 2002, pp. 150–151).

4.1. Horseshoe vortex

The horseshoe vortex around a circular pile exposed to flow can
remendously amplify the bed shear stress relative to its undisturbed
alue (Baker, 1979; Hjorth, 1975; Roulund et al., 2005; Baykal et al.,

2017), which mainly influences the scouring processes. The horseshoe
vortex is induced by the combined action of approach flow rotation and
adverse pressure gradient caused by the presence of the pile (Sumer and
Fredsøe, 2002). The boundary layer separates and forms a spiral vortex
round the pile, trailing off downstream. The size of the horseshoe

vortex in front of a circular pile in the context of waves is mainly
determined by three factors: the ratio of bed boundary layer thickness
to the pile diameter 𝛿∕𝐷; the ratio of bed roughness to the pile diameter
𝑘𝑠∕𝐷; and Keulegan–Carpenter number 𝐾 𝐶 (Baker, 1979; Sumer and
Fredsøe, 2002). Due to the large 𝐾 𝐶 number of the simulated tsunami
waves in the present study (see Table 1), the wave excursion is large
enough that the flow during each half cycle resembles a steady current.

onsequently, the horseshoe vortex beneath tsunamis is expected to
ehave similarly to that in a current (Larsen et al., 2017, 2018).

Fig. 8 displays the instantaneous vortical structures represented by
he 𝑄 iso-surfaces around the pile with and without considering the
eepage effects, identified by the so-called 𝑄-criterion (Hunt et al.,

1988). The 𝑄-criterion identifies a vortex as a coherent fluid region
xhibiting a positive second invariant (𝑄 > 0) of the velocity gradient
ensor:

𝑄 = 1
2

(

|

|

|

𝛺𝑖𝑗
|

|

|

2
− |

|

|

𝑆𝑖𝑗
|

|

|

2
)

> 0 (20)

that is the region where the magnitude of the mean rotation tensor 𝛺𝑖𝑗
prevails over the magnitude of the strain-rate tensor 𝑆𝑖𝑗 , where

𝛺𝑖𝑗 =
1
2

(

𝜕 𝑢𝑖
𝜕 𝑥𝑗

−
𝜕 𝑢𝑗
𝜕 𝑥𝑖

)

, 𝑆𝑖𝑗 = 1
2

(

𝜕 𝑢𝑖
𝜕 𝑥𝑗

+
𝜕 𝑢𝑗
𝜕 𝑥𝑖

)

. (21)

As shown in Fig. 8(a,b), the free-stream flow is from left to right and
reaches the peak velocity at 𝑡∕𝑇 = 0.25. The horseshoe vortex in front
of the circular pile and lee-wake shed vortices at the back are observed
in the flow visualization. In the presence of the seabed suction, the
ize of the horseshoe vortex barely decreases compared to that of the
mpermeable bed. In Fig. 8(c,d), the free-stream flow reverses and

peaks at 𝑡∕𝑇 = 0.75. The size of the horseshoe vortex with the seabed
injection marginally increases compared to that without considering
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Fig. 7. Tsunami-induced (a) free-stream velocity and corresponding surficial hydraulic gradient at the front of the pile, (b) Shields parameter, and critical Shields parameter at
the flatbed.

Fig. 8. 𝑄 representations for the horseshoe vortex and the shed vortices around the circular pile at 𝑡∕𝑇 = 0.25 and 𝑡∕𝑇 = 0.75 (a,c) without and (b,d) with considering the seepage
effects.
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Fig. 9. Velocity profiles at different times during the (a) elevation and (b) depression with and without considering the seepage effects, where (o) marks the boundary layer
thickness.
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the seepage effects. These trends will be more clearly shown in the
characteristic length 𝑥𝑠 of the horseshoe vortex depicted in Fig. 10
and the upward-directed pressure gradient inside the horseshoe vortex
llustrated in Fig. 11. The decrease/increase in the size of the horseshoe
ortex is because of the decrease/increase of boundary layer thickness
aused by the seabed suction/injection, as shown in Fig. 9. The varia-

tions in the boundary layer thickness are more pronounced with the
seabed injection during the depression wave. The separation of the
seabed boundary layer will be delayed if the ratio of boundary layer
hickness to the pile diameter 𝛿∕𝐷 decreases (Baker, 1979; Sumer et al.,

1997; Sumer and Fredsøe, 2002, pp. 153–154), presumably leading to
 smaller-size horseshoe vortex. The visible lee-side vortices will be

discussed in Section 4.2.
Fig. 10(a) shows the variation of bed shear stress amplification 𝜏∕𝜏𝑜

along the 𝑥-axis at the horseshoe vortex side of the circular pile, where
𝜏 is the local bed shear stress and 𝜏𝑜 is the undisturbed bed shear stress
in the far velocity field. The negative 𝜏∕𝜏𝑜 represents the position of
the horseshoe vortex in the streamwise direction at the incoming flow
side. The distance 𝑥𝑠 from the zero-crossing of the bed shear stress to
the pile center is defined as the length that characterizes the size of
the horseshoe vortex. At 𝑡∕𝑇 = 0.25 (𝑥∕𝐷 < 0 in front of the pile),
the seabed suction barely decreases 𝑥𝑠 and 𝜏∕𝜏𝑜, as compared to the
impermeable seabed. At 𝑡∕𝑇 = 0.75 (𝑥∕𝐷 > 0 at the back of the
pile), the seabed injection marginally increases the size of the horseshoe
vortex and the amplification of bed shear stress within it. Note that the
bed shear stress inside the horseshoe vortex might be under-predicted
as the coherent structures can be damped or smoothed by the RANS
simulations (Baykal et al., 2017).

Fig. 11 illustrates the vertical pressure gradient −𝜕(𝑝∕𝜌)∕𝜕 𝑧 fields
in 𝑦–𝑧 planes at 𝑥 = 𝑥𝑟 (left panels) and 𝑥 = 𝑥𝑑 (right panels)
given in Fig. 10(a). The upper downward-directed pressure gradient
(negative −𝜕(𝑝∕𝜌)∕𝜕 𝑧 values) causes the downflow due to the decel-
eration of the approach flow. The upward-directed pressure gradient
(positive −𝜕(𝑝∕𝜌)∕𝜕 𝑧 values) on the seabed corresponds to the position
of the horseshoe vortex in the vertical direction. The upward-directed
pressure gradient can drive sediment suspension via upward vertical
flow (Baykal et al., 2015). In Fig. 11(a,b), the upward-directed pressure
gradient with the seabed suction is marginally less pronounced than
that without considering the seepage effects. This, combined with the
ncreased onset threshold of sediment transport shown in Fig. 7(b), can
arginally reduce the scour at the front of the circular pile during
 s

10 
the elevation wave. More details will be shown in Section 5.1. In
Fig. 11(c,d), the seabed injection yields a marginally greater area and
magnitude of the upward-directed pressure gradient than that without
considering the seepage effects. The differences in the instantaneous
−𝜕(𝑝∕𝜌)∕𝜕 𝑧 field between 𝑥 = 𝑥𝑑 and 𝑥 = 𝑥𝑟 is due to the slight phase
shift between the boundary layer and the free-stream flows, which also
can be seen between 𝜃𝑜 and 𝑈𝑥 in Fig. 7(a,b). Overall, the seepage
response shows insignificant effects on the size and intensity of the
horseshoe vortex in front and back of the circular pile.

4.2. Streamline contraction and lee-wake vortices

Fig. 10(b) depicts the amplification of bed shear stress 𝜏∕𝜏𝑜 along
the 𝑦-axis near the side edges of the circular pile. The contraction of
the streamlines essentially determines the amplification of the positive
bed shear stress. The maximum 𝜏∕𝜏𝑜 is reduced by 8% due to the
seabed suction, while it is increased to 𝑂(4) since 𝜏𝑜 with the seabed
injection decreases more obviously as shown in Fig. 7(b). The variations
of the bed shear stress caused by the seepage response can potentially
influence the sediment transport near the side edges of the circular pile,
which will be shown in Section 5.1. Note that the span with amplified
bed shear stress (𝜏∕𝜏𝑜 > 1) is very similar between the ‘‘seepage-on’’
and ‘‘seepage-off’’ cases regardless of the seepage direction.

We then investigate the seepage effects on the lee-wake vortices of
the circular pile in tsunami waves. The formation of lee-wake vortices
is primarily caused by the rotation within the boundary layer over the
urface of a pile. The shear layers that originate from the side edges

of the pile roll up and create these vortices in the lee wake of the
ile (Sumer and Fredsøe, 2002; Baykal et al., 2017). The Reynolds num-
er 𝑅𝑒 = 𝑈𝑚𝐷∕𝜈 of present tsunami waves is 5.2 × 106, which implies
hat the vortex shedding occurs in the turbulent regime (Sumer, 2006).

Fig. 8 illustrates that the vortex shedding occurs in a two-cell regime
over the height of the pile, as the velocity profiles of the approach
flow are not uniform from the seabed to the upper water column.
The two-cell regime refers to the vortical structures breaking into two
arts along the pile; one moves slowly close to the seabed, while the
pper rest resembles the lee-wake vortices of a free cylinder (Baykal
t al., 2015). The lee-wake vortices of a circular pile in tsunami waves
ehave both current-like due to the existence of the two-cell vortical
tructures (Baykal et al., 2015) and wave-like due to the insignificant
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Fig. 10. Amplification of bed shear stress along the 𝑥-axis at the (a) horseshoe vortex side (at 𝑡∕𝑇 = 0.25 for 𝑥∕𝐷 < 0 and 𝑡∕𝑇 = 0.75 for 𝑥∕𝐷 > 0), (b) streamline contraction side
(at 𝑡∕𝑇 = 0.25 for 𝑦∕𝐷 < 0 and 𝑡∕𝑇 = 0.75 for 𝑦∕𝐷 > 0), and (c) lee-wake vortices side (at 𝑡∕𝑇 = 0.75 for 𝑥∕𝐷 < 0 and 𝑡∕𝑇 = 0.25 for 𝑥∕𝐷 > 0) of the circular pile.
Fig. 11. Vertical pressure gradient fields at the longitudinal sections (𝑦–𝑧 planes) given in Fig. 10(a) for the seabed (a,c) without and (b,d) with considering the seepage effects.
counter-rotating vortices near the seabed (Baykal et al., 2017). The two-
cell vortical structures are more visible in the side view of the position
of boundary layer separation in Fig. 12, where the streamwise velocity
reverses along the vertical pile. The lower cell extends up to 𝑧∕𝐷 = 1.0
11 
from the seabed, similar to that in a steady current studied by Baykal
et al. (2015). At 𝑡∕𝑇 = 0.25 (𝑥∕𝐷 > 0 at the lee side of the pile), the
effect of seabed suction on the boundary layer separation is minimal.
At 𝑡∕𝑇 = 0.75 (𝑥∕𝐷 < 0 in front of the pile), the seabed injection slightly
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Fig. 12. Position of boundary layer separation (at 𝑡∕𝑇 = 0.75 for 𝑥∕𝐷 < 0 and 𝑡∕𝑇 = 0.25 for 𝑥∕𝐷 > 0) over the height of the pile.
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advances the boundary layer separation. The thickness of the tsunami
boundary layer experiencing seabed injection increases, as shown in
Fig. 9, reducing momentum exchange between the outer flow and the
hydraulically rough seabed. Consequently, the decreased streamwise
momentum in the boundary layer leads to earlier separation.

Fig. 10(c) depicts the bed shear stress amplification along the 𝑥-
axis at the lee-wake vortices side of the circular pile. In the absence of
eepage response, the amplification in the bed shear stress concerning
ts undisturbed value can be 𝑂(0.7) during the tsunami propagation.
t 𝑡∕𝑇 = 0.25 (𝑥∕𝐷 > 0), the bed shear stress amplification 𝜏∕𝜏𝑜
nderneath the lee-wake vortices generally decreases when considering
he seabed suction. At 𝑡∕𝑇 = 0.75 (𝑥∕𝐷 < 0), 𝜏∕𝜏𝑜 shows an oppo-

site trend in the presence of seabed injection. The abovementioned
variations of boundary layer separation position over the pile cause
the seepage effects to extend to a few pile diameters at the lee-wake
vortices side. Overall, the seepage response to tsunami loading exhibits

ore obvious effects on the amplification of bed shear stress at the
streamline contraction and lee-wake vortices sides than the horseshoe
vortex side.

4.3. Amplification of bed shear stress

The amplification of bed shear stress along the 𝑥- and 𝑦-axes has
been discussed for the horseshoe vortex side in Section 4.1 and for the
streamline contraction and lee-wake vortices sides in Section 4.2. This
section illustrates the overall picture of bed shear stress amplification
around the pile with and without considering seepage effects, as shown
in Fig. 13, where the amplification of bed shear stress herein is the
ratio of the maximum magnitude of the bed shear stress vector to the
undisturbed bed shear stress |𝜏𝑚𝑎𝑥|∕𝜏𝑜,𝑚𝑎𝑥.

In Fig. 13(a), the maximum amplification in bed shear stress appears
at the front side (𝜙 ≈ 60◦) of the pile. In the absence of seepage
flows, the bed shear stress can be as much as a factor of 6 larger than
he undisturbed bed shear stress, which falls between 𝑂(3–4) in wind-
enerated waves and 𝑂(10) in a steady current (Sumer et al., 1997;

Sumer and Fredsøe, 2002; Baykal et al., 2015, 2017). The maximum
amplification is mainly determined by the combined effect of the
orseshoe vortex and the contraction of streamlines, which is similar to
ut less significant than that of a steady current in Sumer and Fredsøe

(2002). The amplification fields are almost symmetric as the tsunami
signal is sinusoidal. The seepage response leads to the asymmetric
|𝜏𝑚𝑎𝑥|∕𝜏𝑜,𝑚𝑎𝑥, as shown in Fig. 13(b). This is mainly due to the variations
of 𝜏𝑜,𝑚𝑎𝑥 in the far field. The maximum amplification decreases at the
front side of the pile, while it increases to 𝑂(8) at the back side (𝜙 ≈
120◦). The increase in amplification can naturally induce a rapid scour
12 
near this region, combined with the decrease in the onset threshold of
sediment transport caused by the seabed injection shown in Fig. 7(b).

he stronger tsunami scour with the seabed injection will be shown in
ection 5.1.

Overall, the amplification of bed shear stress during tsunami prop-
gation is intermediate between wind-generated waves and a steady
urrent. The seepage response to tsunami loading yields a notable

difference in the amplification between the elevation and depression.
pecifically, the seabed injection during the depression wave primarily
overns the maximum amplification.

5. Seepage effects on tsunami-induced scour around a circular pile

In this section, we investigate the effects of seepage response on
tsunami-induced scour around a circular pile by enabling the seabed
morphological evolution in the present fully coupled CFD model. In
Section 5.1, the evolution of the scour depth and seabed topography
is compared between cases with and without considering the seepage
effects during the tsunami propagation. In Section 5.2, we present the
eepage effects on sediment transport rate to elaborate the tsunami
cour mechanisms.

5.1. Tsunami scour evolution

Fig. 14 shows the temporal variation of the scour depth 𝑆∕𝐷 at
different pile positions during the tsunami propagation. In Fig. 14(a) at
the front (𝜙 = 0◦) of the pile, the scour hole gradually deepens and then
reaches a temporary equilibrium stage around 𝑡∕𝑇 = 0.375. The seabed
suction marginally reduces the temporary equilibrium scour depth.

his is mainly because of the increased onset threshold of sediment
ransport as shown in Fig. 7(b). After the flow reversal, the scour depth

with and without the seepage effects tends to be indistinguishable. In
Fig. 14(b) at the side (𝜙 = 90◦) of the pile, the scour depth starts to
grow more slowly from the peak seabed suction intensity, compared
o the impermeable bed. The temporary equilibrium scour depth is
lightly reduced by 10%, which is primarily owing to the combination

of the lower bed shear stress amplification underneath the contraction
of streamlines as shown in Fig. 10(b) and the increased critical Shields
parameter as shown in Fig. 7(b). During the depression wave, the scour
ole experiences a rapid backfilling, followed by further erosion in the
eversed flow. It is observed that the final scour depth after one tsunami
ave cycle is lower when considering the seepage response. This is
wing to the more deposition emanating from the stronger scour at
he back (𝜙 = 180◦) of the pile, as shown in Fig. 14(c). Specifically,

the rapid scour occurs at the end of the depression wave, when the
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Fig. 13. Amplification of bed shear stress around the circular pile (a) without and (b) with considering the seepage.
flow velocity is decreasing. This is because of the enhanced suspended
load transport, which will be discussed in Section 5.2. The rapid scour
at the back of the pile during the end of tsunami draw-down was
also reported in a large-scale experimental study on tsunami scour
around a cylinder (Tonkin et al., 2003). Consequently, the temporary
equilibrium scour depth with the seepage response increases by 16%,
compared to the impermeable seabed.

Overall, the computed development of scour depth at the front, side,
and back of the circular pile with seepage effects is very similar to
the trends of experimental observations in Tonkin et al. (2003), which
indicates the capability of the present CFD model in predicting the
tsunami scour. Since the present numerical model does not take into
account the variations of wave free surface, e.g., wave shoaling and
breaking phenomena involved in their tests, a direct comparison with
their experimental results is not feasible.

Fig. 15 presents the scour profiles along the center line of the
circular pile with and without considering seepage effects. At 𝑡∕𝑇 = 0.25
(see Fig. 15a), the scour hole in front of the pile (𝑥∕𝐷 < 0) has a slope
angle 𝛽 = 31.4◦ close to the angle of repose 𝛽𝑟 = 32◦ of the sediment
grains. The scour profiles almost overlap into a single line, owing to
the indistinguishable horseshoe vortex with and without seepage, as
discussed in Section 4.1. In contrast, the scour hole at the back of the
pile (𝑥∕𝐷 > 0) is shallower in the presence of seabed suction, which is
due to the decreased bed shear stress amplification underneath the lee-
wake vortices as shown in Fig. 10(c), and the increased critical Shields
parameter as shown in Fig. 7(b). At 𝑡∕𝑇 = 0.75 (see Fig. 15b), the scour
hole within the horseshoe vortex at the back of the pile (𝑥∕𝐷 > 0)
marginally increases when considering the seepage. A sandbar forms
13 
in front (𝑥∕𝐷 < 0) of the pile, and its formation and migration are
due to the large-scale counter-rotating streamwise vortices in the lee
wake (Baykal et al., 2015). When considering the seepage effect, the
sandbar is more pronounced because of the enhanced deposition shown
in Fig. 14.

Fig. 16 depicts the seabed topography around the circular pile with
(lower panels) and without (upper panels) the seepage effects. At 𝑡∕𝑇 =
0.25, a semi-circular scour hole with a steep slope forms around the
upstream side of the circular pile, see Fig. 16(a,b). The sediment is de-
posited behind both sides of the pile, creating two sandbars with steeper
slopes. A strip-like scour hole is visible between these two sandbars due
to vortex shedding, trailing downstream (right-hand boundary side) of
the pile. These scouring features are marginally less pronounced in the
presence of seabed suction. At 𝑡∕𝑇 = 0.75, the scour hole around the
side and back of the pile deepens further following the flow reversal. As
a result, the scour hole around the pile resembles an inverted frustum
shape. Additionally, the sandbars behind the pile are eroded as they are
more exposed to the approach flow, migrating upstream. The sediment
is deposited into two sandbars alongside the pile. Moreover, the front
scour hole is gradually backfilled. The backfilling and sandbars are
more noticeable for the ‘‘seepage-on’’ scenario due to the increased
scour at the pile back caused by the seabed injection. The erosion
caused by the lee-wake vortices becomes visible in front of the pile.

The seepage response to the tsunami loading can affect the scour
processes. The sediment redistribution caused by the seepage response
can impact the main focus of scour protection in coastal and offshore
areas, e.g., the rapid scour near the back of the monopile during the
depression tsunami wave potentially leads to a foundation failure or
bridge collapse.
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Fig. 14. Scour depth at the (a) front (𝜙 = 0◦), (b) side (𝜙 = 90◦), and (c) back (𝜙 = 180◦) of the circular pile without and with considering the seepage.

Fig. 15. Scour profiles along the center line of the circular pile at (a) 𝑡∕𝑇 = 0.25 and (b) 𝑡∕𝑇 = 0.75 without and with considering seepage effects.
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Fig. 16. Bed topography around the circular pile at 𝑡∕𝑇 = 0.25 and 𝑡∕𝑇 = 0.75 (a,c) without and (b,d) with considering seepage effects.
5.2. Tsunami-induced sediment transport rate

In the present simulations of the seabed morphological evolution,
the hydrodynamic flow conditions and onset threshold of sediment
transport evolve simultaneously and continuously because of the distur-
bance of the structure and variations of bed slopes. To further elucidate
the seepage effects on the tsunami scour, we investigate the tsunami-
induced sediment transport rate during the scour development with and
without considering the seepage. Fig. 17 shows the temporal variation
of bed, suspended, and total load transport rates 𝑞𝑏, 𝑞𝑠, and 𝑞𝑡 at
the front (𝑡∕𝑇 < 0.5) and back (𝑡∕𝑇 > 0.5) of the pile. During the
elevation wave, the bed load transport rate at the front side of the pile is
generally lower in the presence of seabed suction, as seen in Fig. 17(a).
This is mainly due to the competing effects of seabed suction on the
bed mobility discussed in Section 3, combined with the marginally
weakened horseshoe vortex shown in Section 4.1. The suspended load
transport rate is also generally decreased compared to the impermeable
seabed, as illustrated in Fig. 17(b). Note that the suspended load
transport dominates sediment transport during the full-scale tsunami
propagation. Consequently, the total load transport rate is lower when
considering the seepage response, as shown in Fig. 17(c). During the
depression wave, the seabed injection intensifies the sediment transport
at the back side of the pile, especially for the suspended load, as shown
in Fig. 17(a,b). As a result, the total sediment transport increases when
considering the seepage response in Fig. 17(c), which confirms the
observation of Tonkin et al. (2003) and expectation of Yeh and Mason
(2014).

Fig. 18 illustrates the overall picture of the instantaneous suspended
load transport rate around the pile. At 𝑡∕𝑇 = 0.25, the high suspended
load transport rate is mainly concentrated on the front side of the pile
as seen in Fig. 18(a,b) due to the combination of the horseshoe vortex
15 
and the streamline contraction. It spreads out downstream, which is less
noticeable in the presence of seabed suction for the simulated tsunami
wave signal. At 𝑡∕𝑇 = 0.75, the seabed injection increases the suspended
load transport rate around the circular pile. However, the momentary
liquefaction does not occur under the present tsunami and sediment
conditions (𝑖∕𝑖𝑐 < 1, see Fig. 7a).

6. Conclusions

In the present study, we have examined the role of seepage response
in full-scale tsunami-induced main flow features and scour around
a circular pile. The onset threshold of sediment transport and the
bed load transportation considering both bed-slope modifications and
three-dimensional seepage forces are analyzed and implemented in
the coupled hydrodynamic, morphological, and soil models. The main
conclusions are drawn as follows:

In the rigid-bed simulations, we found that the seepage response can
affect the main tsunami flow features in the presence of a circular pile,
which determines the scour processes. The tsunami-induced vortical
structures and bed shear stress amplification around the pile resemble
the intermediate between wind-generated waves and a steady current.
Seabed suction during the elevation wave can reduce the amplification
of bed shear stress beneath the contracted streamlines alongside the
pile and lee-wake vortices. In contrast, seabed injection during the
depression wave increases the shear stress amplification. It advances
the boundary layer separation point along the pile height, further
altering the lee-wake vortices. The size of the horseshoe vortex and the
upward-directed pressure gradient within it are minimally impacted by
the seepage flows.

In the morphological simulations, our results suggest that the sus-
pended sediment transport dominates the scour under full-scale tsunami
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Fig. 17. Divergence of the (a) bed load transport rate 𝑞𝑏, (b) suspended load transport rate 𝑞𝑠, and (c) total load transport rate 𝑞𝑡 at the front (𝑡∕𝑇 < 0.5) and back (𝑡∕𝑇 > 0.5) of
the pile.
Fig. 18. Divergence of the suspended load transport rate around the circular pile (a,c) without and (b,d) with considering the seepage. The left panels are at 𝑡∕𝑇 = 0.25, and the
right panels are at 𝑡∕𝑇 = 0.75.
waves. Seabed suction during the elevation wave can slightly reduce
the sediment transport rate, decreasing the scour depth, especially at
the pile side. Seabed injection during the depression wave does cause
a more rapid and severe scour at the back of the pile, which is mainly
due to the intensified suspended load transport. If only the bed load
transport is considered, the effect of seepage on scour depth may not
be obvious.

Our findings suggest that the seepage response should be consid-
ered when assessing full-scale tsunami-induced scour around a circular
pile. The present model has several limitations. First, it does not ac-
count for the variability of the wave surface, which may not capture
the full complexity of fluid dynamics affected by nearby structures
16 
during tsunami events. Additionally, the model assumes that soil prop-
erties remain constant throughout the scour simulations, overlooking
potential changes due to dynamic loading. Future studies will incorpo-
rate the effects of momentary liquefaction to better understand severe
tsunami-induced scour processes.
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