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Abstract: Waves or tsunamis in the onshore area could induce severe scour at the structure foun-
dations, threatening the stability of the structure. This paper presents a numerical study of the
solitary wave-induced flow and scour around a square onshore structure. A CFD model coupled
with hydrodynamic and sediment transport models is first validated through a large-scale laboratory
experiment, which shows that the model can well reproduce the flow and scour characteristics.
Subsequently, based on the reliable numerical results, the flow field and scour development during
wave inundation of the structure are explored. It is found that the development of the simulated scour
depth is faster at the early stage compared to that in the experimental result. The results also show
that the scour starts at the front corner of the structure, which is also the position of the maximum
scour depth. The scour develops rapidly at the early stage and is almost completed in the first half
of the wave period. In addition, the results demonstrate that bed scouring increases the wave force
on the structure due to the increase in the flow velocity near the bed, which needs to be considered,
especially in the shallow-water scour scenario. Finally, a simplified prediction equation is proposed
for the temporal development of the scour depth.
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1. Introduction

In the past decades, more and more structures (e.g., breakwaters or bridges) and
buildings have been built in the onshore area. Many of these structures are constructed
with vertical square foundations which are inevitably subjected to waves, and, in extreme
conditions, these onshore structures could be damaged devastatingly by a huge attack from
a tsunami or storm surge. The waves or tsunamis impacting the structure can induce severe
scour around its foundation, which undermines the stability of the structure [1–3]. There-
fore, to ensure the safety of the onshore structure, it is crucial to improve our understanding
of the foundation scour and further make a reliable estimation of the scour depth.

Extensive studies on the subject of scour around marine structures have been reported
(see the review by Sumer and Kirca (2021) [4]). Most of the previous studies concern
structures located in offshore conditions. Compared to an offshore structure in a deep-
water environment, the onshore environment is characterized by shallow-water conditions
in which the scour characteristics are different in two ways: (i) The onshore area is an
active zone of sediment movement and morphology change, as most of the energy of the
waves on the free surface directly contributes to the seabed, and thus the scour around
the structure develops more rapidly and behaves more like a transient process [5]. (ii) The
wave condition in the onshore area is more complicated, including wave shoaling and even
breaking, which results in that the flow and scour mechanism around the structure differs
from the offshore scour [6]. However, studies of scour involving a square onshore structure
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are quite limited. The most relevant study is by McGovern et al. (2019) [7], who investigated
the scour around a square onshore structure induced by tsunami-length long waves. That is
also the first experimental study that considers tsunami inundation time-scales appropriate
to prototype. Similarly, Mehrzad et al. (2022) [8] experimentally studied the mechanism
of scour around a square structure induced by a tsunami-like bore. They found that the
high velocity and relatively short duration of a tsunami-like bore can induce rapid scour
around the structure. In addition, Xu et al.’s (2022) [9] study shows that the seabed scour
can increase the wave force on the onshore structure, as the scouring increases the local
water depth and changes the hydrodynamic conditions around the structure. They also
suggested that the reasonable design of onshore structures needs to adequately consider
seabed scour and the associated increase in wave force.

The aforementioned experimental studies not provide insight into this issue but also
supply some valuable experimental data. However, the experiment is expensive because
normally a large wave flume is required to generate the long waves and reduce the scal-
ing effect as much as possible [10]. Moreover, although some illuminating phenomena
have been observed qualitatively in the experiment, more details on the flow and scour
characteristics are absent due to the limitations of the measuring equipment. With the
development of the modern computational fluid dynamics (CFD) method, the CFD-based
flow model incorporating sediment transport and morphological models has been success-
fully used to study the wave-induced scour around structures (e.g., [11–21]). For the sake
of space limitations, for more details on the recent development of CFD modeling of scour
around marine structures, the readers are referred to the recent reviews [22,23]. The CFD
modeling approach has the advantage of obtaining abundant data or information (e.g., a
detailed description of flow field and scour morphology), which is helpful in elucidating
the underlying mechanism of this scour issue.

The aim of this study is to identify the flow and scour mechanisms during the process
of the wave inundation of the square onshore structure based on a reliable CFD model. The
rest of this article is organized as follows: The fully-coupled numerical model is described
in Section 2. In Section 3, the numerical setup is presented, and the model is validated
through comparison with the available experimental results. Section 4 shows the numerical
results of the flow characteristics, wave force, and scour evolution, and a simple predictive
equation for the temporal development of the scour depth is proposed. Conclusions are
given in Section 5.

2. Numerical Model Description
2.1. Hydrodynamic Model

In this study, the wave-induced scour around the onshore structure is simulated
utilizing the CFD software FLOW-3D v11.2.0. The hydrodynamic model is based on the
incompressible unsteady Reynolds-Averaged Navier-Stokes (RANS) equations, as shown
in the following:

∂ui
∂t

+ uj
∂ui
∂xj

= −1
ρ

∂p
∂xi

+
∂

∂xj

[
2νSij +

τij

ρ

]
+

σTκγ

ρ

∂γ

∂xi
(1)

∂ui
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= 0 (2)

where ui and uj are the velocity components in the ith and jth Cartesian coordinates, p is
the pressure, ν is the dynamic viscosity, and ρ is the fluid density. Sij is the mean strain rate
tensor defined as

Sij =
1
2

(
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+
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)
(3)

and τij is the Reynolds stress tensor, which is calculated based on the Boussinesq approximation:
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J. Mar. Sci. Eng. 2023, 11, 198 3 of 17

where δij is the Kronecker delta, νT is the turbulent kinematic viscosity, and k is the turbulent
kinetic energy defined as

k =
1
2

u′iu
′
i (5)

where the overbar denotes ensemble averaging. The last term in Equation (1) is the effect
of the water surface tension, where σT is the surface tension coefficient, κγ is the surface
curvature, and γ is the indicator representing the volume fraction, which takes a value 0 in
air, 1 in water, and 0–1 in an air-water mixture. In terms of γ, one can express the spatial
variation in any fluid property, such as ρ and ν, through the weighting

φ = γφwater + (1− γ)φair (6)

where φ can be any such quantity.
The k-ω turbulence model [24] is employed and formulated as
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∂ω
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}
σdo (10)

where ω is the specific dissipation rate, Clim = 7/8 is a stress limiting coefficient, and H{·} is
the Heaviside step function, taking a value of zero if the argument is negative and unity
otherwise. The default values of the model coefficients α = 0.52, β = 0.078, β* = 0.09, σ = 0.5,
σ* = 0.6, and σdo = 0.125 are adopted.

The hydrodynamic model described above is subject to the following boundary condi-
tions. At the bottom wall boundaries, a no-slip condition is imposed whereby velocities
are set to zero. Alternatively, Neumann conditions are applied to the three components of
the velocity and scalar hydrodynamic quantities at the two lateral side boundaries. At the
inlet boundary, a solitary wave is prescribed by using its analytical expression. An outflow
boundary is used at the outlet. At the top free surface, a volume of fluid (VOF) method is
used to model the water-air interface, which will be presented in the forthcoming section.

2.2. Free Surface Model and Wave Generation

The free surface (water-air interface) is tracked by the commonly-used VOF method
depending on the volume fraction γ, which can be solved by an advection equation:

∂γ

∂t
+

∂γuj

∂xj
= 0 (11)

In this study, waves are generated at the inlet boundary, and the solitary wave is used
to simulate a wave propagating over the nearshore area. As the shape of a solitary wave is
reasonably similar to that of the wind waves near the coast, it has been commonly used in
studies related to coastal hydrodynamics.
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2.3. Sediment Transport and Morphological Models

The sediment transport model is classified into bed load and suspended load sediment
transport. The bed load sediment transport qb is determined via the van Rijn equation:

qb = 0.053
[

g(s− 1)d3
50

]1/2
(θ − θc)

2.1(d∗)−0.3 (12)

where d50 is the median diameter of the sediment particles, s = ρs/ρ is the sediment relative
density, and θ is the Shields number defined as:

θ =
U2

f

(s− 1)gd50
(13)

where Uf is the friction velocity. The critical Shields parameter θc is determined by the
following equation:

θc =
0.3

1 + 1.2d∗
+ 0.055[1− exp(−0.02d∗)] (14)

where d* is the dimensionless sediment size and can be determined by

d∗ =
[

g(s− 1)/ν2
]1/3

d50 (15)

The suspended sediment concentration is obtained by solving the following convection-
diffusion equation:

∂c
∂t

+
(
uj − wsδj3

) ∂c
∂xj

=
∂

∂xj

[
(ν + νT)

∂c
∂xj

]
(16)

where c is the mass concentration of suspended sediment particles, and ws is the particle
fall velocity.

At all boundaries for the sediment model except for the bottom boundary, a zero-flux
condition for c is used. At the bottom boundary, so-called reference concentration boundary
conditions are imposed, which is in line with the approach in [5].

The morphological model is based on the sediment continuity (Exner) equation:

∂zb
∂t

=
1

(n− 1)
∂qbi
∂xi

+ (Ds − Es) (17)

where the left hand term represents the change of bed elevation zb. At the right hand side
of the equation, the first term is the contribution from the bed load transport qbi, n = 0.4 is
the sediment porosity, and the second term is the contribution from the suspended load
transport, in which (Es–Ds) represents the net sediment quantity between sediment erosion
and deposition. For more specific details on the numerical solution, the readers can refer
the previously published paper by the authors [19].

3. Model Validation
3.1. Numerical Setup

The present numerical case is identical to that of McGovern et al.’s (2019) [7] exper-
iment conducted in a large-scale flume of 75 m in length, 3 m in width, and 2.5 m in
height. As shown in the following sketch in Figure 1, a generated solitary wave propagates
along a flume with a constant water depth (23.9 m long) followed by a 1/20 sloping beach,
before impinging on and inundating a 3 m long horizontal sediment bed. Uniform sed-
iment (d50 = 0.16 mm and ρs = 2.643 × 103 kg/m3) was used in the experiment. A 0.2 m
wide square structure was placed at the sediment pit, which can be considered as about a
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1/10 prototype scale based on Froude similitude. One of the tests in the experiments of [7]
(i.e., CL25a run) was selected, and the detailed test conditions are listed in Table 1.
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Figure 1. The wave flume and experimental setup [7] used for validation.

Table 1. Test conditions in the numerical simulation: h, water depth; H, wave height; T, wave period;
Um, maximum value of depth-averaged velocity; D, structure width; d50, sediment size, KC = UmT/D,
Keulegan-Carpenter number; Fr = Um/(gh)0.5, Froude number.

h [m] H [m] T [s] Um [m/s] D [m] d50 [mm] KC [-] Fr [-]

1.00 0.11 25 0.67 0.20 0.16 83 0.47

Figure 2 presents the computational domain and mesh of the numerical modeling.
The present numerical simulation is a three-dimensional case, and the setup of the com-
putational domain is the same as for the laboratory flume mentioned above. Since the
solitary wave used in the present case has a large wavelength, a long computational domain
before the structure is required for the wave generation and development. The origin of
the coordinate system is defined at the center of the structure bottom, with the longitudinal
x-axis parallel to the flume bed and pointing onshore, the y-axis normal to the side wall
of the flume, and z-axis vertically normal to the bottom of the flume. The computational
domain is divided into several mesh regions with varying grid resolutions. The grids in
the range from the inlet to the toe of the slope are relatively coarse as long as the wave
propagation is well reproduced before arriving at the onshore region. Meanwhile, the grids
within the onshore region are gradually refined, and the finest meshes are required close to
the pile, specifically with at least 20 grids at each face of the structure (see the top view),
and the near-bed cell, having a height in the order of the grain size (see the side view).
This can guarantee the capture of the details of the flow and scour around the pile. In
fact, the mesh sensitivity has been calibrated to obtain the optimal mesh while keeping the
computational time affordable.
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The boundary conditions of the computational domain are as follows. The top and
two sides of the domain are set as symmetry boundaries, which is an advisable strategy
for improving the computation efficiency. The wall boundary condition is specified at the
bottom and at the structure surface, and the standard wall function approach is utilized to
determine the friction velocity [5]. For the wave boundary at the inlet, the solitary wave is
generated by prescribing the analytical free surface η profile of the solitary wave:

η = Hsech2

[√
3H
4h3 (x− cwt)

]
(18)

where cw is the wave celerity. For the outlet of the domain, an outflow boundary condition
is used.

As an indication of the computational expense, the fully-coupled hydrodynamic and
morphological computation lasting 1 min of physical time for the present scour cases
requires approximately 5 days of CPU time, when simulated in parallel on twenty modern
processors. To give an indication of the CPU times, the authors would like to note that, for
the same computational mesh and using the same computational power, the hydrodynamic
computations alone for 1 min of physical time last approximately 0.5 days, and 1.5 days
if the sediment computations are also included. Throughout the study, it has been seen
that the morphological computations have governed the speed of the simulations. It is
worth noting that efforts were made to simulate this scour issue in large scale, and the
present simulation is a 1/10 scaling model based on Froude similitude. To the best of our
knowledge, it is the first time that such a large-scale scour simulation has been created.

3.2. Comparison with Experimental Results

In this section, the numerical simulated results are compared with the experimentally
measured data to validate the present CFD model. Figure 3 presents the comparisons of
the flow characteristics, including the water surface elevation and velocity. The temporal
variation of the velocity profile in the vertical direction (Figure 3a,b) indicates that both
the experimental and the numerical results are quite similar, based on the distribution
of color. To further verify the numerical results, Figure 3c,d quantitatively compare the
time histories of the depth-averaged velocity and water elevation at the slope toe. The
black solid lines and red dots represent the computed and measured results, respectively.
The 20% error bars are also plotted in the experimental data. They show that the CFD
simulated results fit well with the experimental data except for the peak value of the
velocity. The reasons for the discrepancies are twofold. (i) The complexity of the physical
process, involving wave transforming, shoaling, or even breaking, increases the uncertainty
of the velocity measurement, especially for the wave peak phase. (ii) In the experiment,
the velocity profile was measured by a Nortek HR Aquadopp, which could result in some
uncertainty and error, and this can be seen in Figure 3a, in which the velocity contour is not
as smooth as the numerical result. In addition, the deviation in the water surface elevation
(Figure 3d) is mainly attributed to the solitary wave generated by the wave maker. Through
the inspection of the generated wave in the experiment (see the figure in [7]), it is observed
that the generated wave is not exactly consistent to the theoretical solitary waveform,
particularly as it has some obvious trailing waves, whereas, in the numerical modeling,
the theoretical wave form can be easily generated by setting the inlet boundary condition.
In general, although the present numerical simulated result is not perfect, it should be
admitted that accurately modeling such complicated cases (involving wave transforming,
shoaling, and breaking, and the associated bed scour) is still a challenging task.
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Figure 4 shows the comparisons of local scour around the structure according to the
CFD simulated and the experimentally measured results. Figure 4a–c plot the final scour
morphology and scoured bed profile. The 20% error bars are plotted in the experimental
data. The numerical results indicate that the maximum scour depth is located at the front
corner of the square structure, which is consistent with the experimental observations.
Further comparison of the scoured bed profile, whether in the longitudinal or transverse
direction, demonstrates that the CFD modeling replicates the experimental results well.
Figure 4b exhibits some deviations in the zone of x/D > 0.3. This is probably due to the
sand slide model employed in the sediment transport model. To ensure that the bed slopes
do not exceed the angle of repose, a sand slide model is utilized. Although this strategy is
used for the purpose of avoiding some unphysical large bed slope during scour simulation,
some uncertainties and errors, e.g., non-conservation of sediment mass, would occur [25].
Nevertheless, the maximum scour depth, which is always concerned as a critical index
in practical engineering, is well simulated by the present CFD model. From Figure 4d, in
which the data of scour depth is plotted and compared, the accuracy of the CFD modeling
is clearly verified, with almost all the data falling within the ±10% error lines.

Figure 5 also shows the comparison of scour depth development with time at the
front corner of the structure, for which both the simulated and measured profiles agree
well, except for the early stage (t/T < 0.3), in which the simulated scour rate is higher. This
result is also consistent with the previous relevant simulations [16]. The reasons can be
illustrated by two aspects. (i) The vortex of the flow field around the structure cannot be
well captured by the RANS model, and this is a general problem in RANS simulation [22].
(ii) The sediment transport model used in the present scour simulation does not consider
the influence of turbulence (see more discussion in our previous paper [26]).
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lated and experimental measured results.

Overall, based on the previous comparisons, the present CFD model can well re-
produce the solitary wave-induced flow and scour characteristics around the structure,
including the scour depth development and the final scour profile. Hence, the validated
CFD model (which offers the advantage of obtaining more abundant results compared to
the experiment) can be used as a promising tool to explore the fundamental mechanism of
the scour, which will be presented in the following sections.

4. Numerical Results and Discussion

Based on the reliable simulated results, which have been thoroughly validated above,
some hydrodynamic and scour characteristics observed during the process of wave inun-
dation of the structure are described and discussed, including the free surface evolution
around the structure, flow velocity variation, wave force acting on the structure, and scour
development. Furthermore, a practical equation to predict the temporal development of
the scour depth is proposed.

4.1. Flow and Scour Processes

Figure 6 shows the time history of the free surface elevation in front of the structure
during the process of wave inundation of the structure. Four typical moments are plotted
(t1~t4), corresponding to the phases of wave run-up, peak run-up, wave draw-down, and
trailing. The three-dimensional views of the water surface evolution around the structure
at these typical moments (t1~t4) are presented in Figure 7, in which the color represents
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the velocity magnitude at the free surface. When the incident solitary wave impinges on
the structure at the moment of t1, the water surface in front of the structure rises abruptly
due to the block of the structure. Meanwhile, the blocking effect also results in a reversing
flow in front of the structure. The incident wave is separated from the two sides of the
structure with a large magnitude of velocity. At the time of t2, the rise of water surface at
the structure front reaches its highest point, while the region of backwater in front of the
structure expands. Afterwards, during the wave draw-down stage at the moment of t3, the
water surface elevation drops with the decrease in flow velocity. Finally, at the time of t4
during the wave trailing stage, the incoming solitary wave has almost fully passed through
the structure, forming a thin-layer flow with low velocity.
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Figure 8 provides the evolution of the scour morphology around the structure during
the wave inundation process. It obviously shows that the scour first occurred at the front
corner of the structure. The reason is that the near-bed velocity at the front corner increases
significantly due to flow separation downstream of the structure. Consequently, the bed
scour occurs due to the amplified bed shear stress, and more sediment is transported,
making the bed scour becomes more obvious. In addition to the bed shear stress (the
primary driving force for sediment movement), the vortex induced by the flow separation
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works as a vacuum to sweep the sediment suspension, which also contributes to the
bed scour. The local scour area around the structure gradually extends and reaches its
largest at the time of t3, and the transported sediment is deposited behind the structure,
causing bed accumulation. To better appreciate the above-described features, one video
of the free surface and scour evolution process around the structure is provided (see
Supplementary Video S1).
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(d) t4.

4.2. Wave Force on the Structure

Regarding the wave force acting on the structure, previous relevant studies have
mainly focused on rigid-bed cases without considering the effect of scour. Figure 9 illus-
trates the difference in the wave force when considering scour versus ignoring scour. Note
that the rigid-bed simulation (i.e., ignoring scour) is conveniently realized by turning off
the sediment and morphological model. The comparison indicates that the wave force
considering the scour is relatively larger, with the value of peak force being approximately
20% higher than that in the corresponding rigid-bed case. This finding means that: (i) the
normally used wave force estimation method, employed without considering bed scour,
would result in under-prediction; and (ii) the bed scour not only undermines the foundation
stability but also causes a larger wave force on the structure. It should be admitted that,
for the present case, the water inundation depth is low (<0.3 m), and, correspondingly,
the scour depth (≈0.1 m) has a significant influence on the wave force. This finding is
illuminating, as it implies that the scour effect needs to be considered in the prediction of
the wave force on the structure, especially for the shallow-water scour scenario.
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To identify the reason for the increase in the wave force under bed scour conditions,
the vertical flow field at the symmetry plane of the structure is inspected, as shown in
Figure 10. The comparison shows that the difference in the flow fields mainly lies in the
near-bed flow. Figure 10c presents the vertical profiles of the velocity u in front of the
structure at the peak force time, which confirms that the near-bed flow velocity for the scour
case is larger than that for the corresponding rigid-bed case (see the region highlighted
by the red box). The negative value of u near the bottom is found in the rigid-bed case
due to the formation of a reverse flow in front of the structure. This can be illustrated
from the horizontal flow field around the structure at the plane near the bed (Figure 11),
which indicates that the reverse flow is more obvious in the rigid-bed case. In general, the
flow velocity u at the structure front directly influences the hydrodynamic force on the
structure, and the bed scour results in an increase in u and, consequently, an increase in the
wave force.
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4.3. Scour Depth Development

Figure 12 shows the temporal development of the scour depth at the front and side
positions of the structure. The front position is selected at the symmetry line of the front
face, and the side position is selected at the front corner of the structure. The scour process
is generally divided into three stages. At the early stage (Stage I, at the first 0.2 T), the
scour depth increases quickly, which can be seen from the high scour rate demonstrated
in Figure 12b. During the middle stage (Stage II, between 0.2 T and 0.5 T), the fluctuation
characteristics of the scour depth are found, and the scour depth reaches its maximum at
the end of this stage. At the late stage (Stage III, at the late 0.5 T), the scour depth stops
increasing, with even a slight deposition, and the scour depth keeps almost constant to the
end. In other words, the scour process is almost completed by the end of the first half of
the wave period. In addition, Figure 12 also shows that the scour at the side position is
initiated earlier than the scour at the structure front, and the scour depth at the structure
side is generally greater during the whole process.

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 13 of 18 
 

 

4.3. Scour Depth Development 
Figure 12 shows the temporal development of the scour depth at the front and side 

positions of the structure. The front position is selected at the symmetry line of the front 
face, and the side position is selected at the front corner of the structure. The scour pro-
cess is generally divided into three stages. At the early stage (Stage I, at the first 0.2 T), the 
scour depth increases quickly, which can be seen from the high scour rate demonstrated 
in Figure 12b. During the middle stage (Stage II, between 0.2 T and 0.5 T), the fluctuation 
characteristics of the scour depth are found, and the scour depth reaches its maximum at 
the end of this stage. At the late stage (Stage III, at the late 0.5 T), the scour depth stops 
increasing, with even a slight deposition, and the scour depth keeps almost constant to 
the end. In other words, the scour process is almost completed by the end of the first half 
of the wave period. In addition, Figure 12 also shows that the scour at the side position is 
initiated earlier than the scour at the structure front, and the scour depth at the structure 
side is generally greater during the whole process. 

 
Figure 12. Temporal development of (a) scour depth and (b) scour rate at the front and side posi-
tions of the structure. 

Figure 13 provides a comprehensive comparison by putting the variations of flow, 
sediment, and scour characteristics together for the purpose of elucidating the scouring 
mechanism. Note that the flow velocity U, kinetic energy k, and sediment concentration c 
are selected at a point close to the bottom bed. The temporal variations in terms of U, k, 
and c between the front and side positions are distinctly different. For the side position of 
the structure, the temporal variations of the flow, sediment, and scour related variables 
are generally consistent during the wave inundation process, with almost identical times 
of peak value. This is expected, as the scouring is an interaction process between flow, 
sediment, and bed; specifically, the enhancement of flow characteristics (e.g., u and k) 
leads to more sediment transport and the resultant bed scour. In contrast, the variations 
in flow and sediment are rather different at the front position of the structure. The value 
of u and k is generally small, which means that the driving force for sediment transport is 
very weak. This implies that the scour at the structure front is not due to the enhance-
ment of local flow intensity, which is different from the scour mechanism at the structure 
side. Through the inspection of the scouring process around the structure, it is found that 
the scour is first formed at the front corner of the structure. Afterwards, the scour area 
gradually evolves to the front position, and the scour at the structure front starts to de-
velop. Meanwhile, the vortex within the scour hole could also contribute to the scour 
development. Therefore, it is further confirmed that the scour at the front corner of the 
structure is the origin of the scour hole. This finding is also useful from the perspective of 

(a)

(b)

Figure 12. Temporal development of (a) scour depth and (b) scour rate at the front and side positions
of the structure.

Figure 13 provides a comprehensive comparison by putting the variations of flow,
sediment, and scour characteristics together for the purpose of elucidating the scouring
mechanism. Note that the flow velocity U, kinetic energy k, and sediment concentration c
are selected at a point close to the bottom bed. The temporal variations in terms of U, k,
and c between the front and side positions are distinctly different. For the side position of
the structure, the temporal variations of the flow, sediment, and scour related variables
are generally consistent during the wave inundation process, with almost identical times
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of peak value. This is expected, as the scouring is an interaction process between flow,
sediment, and bed; specifically, the enhancement of flow characteristics (e.g., u and k) leads
to more sediment transport and the resultant bed scour. In contrast, the variations in flow
and sediment are rather different at the front position of the structure. The value of u and k
is generally small, which means that the driving force for sediment transport is very weak.
This implies that the scour at the structure front is not due to the enhancement of local flow
intensity, which is different from the scour mechanism at the structure side. Through the
inspection of the scouring process around the structure, it is found that the scour is first
formed at the front corner of the structure. Afterwards, the scour area gradually evolves to
the front position, and the scour at the structure front starts to develop. Meanwhile, the
vortex within the scour hole could also contribute to the scour development. Therefore, it
is further confirmed that the scour at the front corner of the structure is the origin of the
scour hole. This finding is also useful from the perspective of scour protection, as it means
that some effective countermeasures for scour mitigation need to be set at the front corner
of the structure.

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 14 of 18 
 

 

scour protection, as it means that some effective countermeasures for scour mitigation 
need to be set at the front corner of the structure. 

 
Figure 13. Comprehensive comparison of different variables development at the front and side 
positions of the structure. 

4.4. Comparison with Prediction Equation 
From the point of view of practical application, some simple models (e.g., empirical 

equations) are more feasible for predicting the scour development. The most widely-used 
equation for predicting the temporal development of the scour depth can be expressed as 
an exponential function: 

=1 exp
f s

S t
S T

  
− −  

  
 (19)

where S is the scour depth, Sf is the final scour depth, and Ts is the time scale of the scour 
calculated by integrating the scour curve [27]: 

0

mt m
s

m

S ST dt
S
−=   (20)

where Sm is the maximum scour depth at any given time and tm is the time at which the 
maximum scour occurs. 

Figure 14 shows the comparison between the scour depth development predicted 
by the equation and the CFD simulated results. In the figure, the time t is normalized by 

( ) 3
50*

2

1g s d
t t

D
−

=  (21)

Figure 13. Comprehensive comparison of different variables development at the front and side
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4.4. Comparison with Prediction Equation

From the point of view of practical application, some simple models (e.g., empirical
equations) are more feasible for predicting the scour development. The most widely-used
equation for predicting the temporal development of the scour depth can be expressed as
an exponential function:

S
S f

= 1− exp
[
−
(

t
Ts

)]
(19)

where S is the scour depth, Sf is the final scour depth, and Ts is the time scale of the scour
calculated by integrating the scour curve [27]:

Ts =
∫ tm

0

Sm − S
Sm

dt (20)

where Sm is the maximum scour depth at any given time and tm is the time at which the
maximum scour occurs.
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Figure 14 shows the comparison between the scour depth development predicted by
the equation and the CFD simulated results. In the figure, the time t is normalized by

t∗ =
√

g(s− 1)d503

D2 t (21)
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Figure 14. Comparison of scour depth development between the equation predicted and CFD
simulated results at the (a) side and (b) front positions of the structure.

This demonstrates that the simple empirical equation performs well in predicting
the scour depth development. In order to further validate the empirical equation, other
experimental data from Pandey et al. (2017) [28] are collected, and the comparisons are
plotted in Figure 15. The detailed conditions for the experiment are listed in Table 2. As can
be seen from Figure 15, the present simple equation does a good job of predicting the scour
depth development. However, it is worth noting that the simple equation mentioned above
only considers the continual scouring condition; the fluctuating feature or even the slight
deposition is not considered. Regarding this point, Link et al. (2020) [29] proposed a more
complex predictive equation that considers the bed deposition due to sediment backfilling,
and the interested readers can refer to their studies.
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Figure 15. Comparison of temporal scour depth development predicted by the present equation
against the experimental data from [28]: (a–d) Test 1–4.
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Table 2. Experimental conditions from [28] used for validation.

Test No. D (m) U0 (m/s) h (m) d50 (mm) ReD FrD d50/D

1 0.135 0.74 0.125 10.7 99,000 0.643 0.079
2 0.115 0.53 0.1 8.6 60,400 0.499 0.075
3 0.135 0.7 0.13 8.6 93,700 0.609 0.064
4 0.115 0.7 0.1 4.38 79,800 0.659 0.038

Note: D is cylinder diameter; U0 is approach flow velocity; h is flow depth; d50 is sediment median size;
ReD = U0D/ν; FrD = U0/(gD)0.5.

5. Conclusions

In this study, a numerical modeling of flow and scour around a square onshore
structure exposed to a solitary wave is conducted. The numerical simulation is based
on a CFD model incorporating hydrodynamic, sediment transport, and morphological
models. The hydrodynamic model is based on RANS equations coupled with the k-ω
turbulence model. The sediment model considers both the bed load and the suspended
load transport, and the morphological model is based on a sediment continuity equation.
The CFD model is validated through comparison with the available experimental data from
a large-scale flume test. Based on the validated simulation results, some hydrodynamic
and scour characteristics observed during the process of wave inundation of the structure
are described and discussed in detail, and the main findings are:

(1) The present CFD model can well reproduce the flow and scour characteristics around
the structure, except for the scour depth development at the early stage. This is due
to the limitations of RANS model as well as to the fact that the sediment transport
model does not consider the effect of turbulence.

(2) The scour starts at the front corner of the structure, which is also the position of the
maximum scour depth. This is due to the enhancement of bed shear stress induced
by the flow separation, and the scour area gradually extends to the front position of
the structure.

(3) Bed scour results in an increase in the wave force on the structure compared to the
rigid-bed case without scour, which needs to be considered in the estimation of wave
force, especially for the shallow-water scour scenario.

(4) The scour depth develops rapidly at the early stage, with a high scour rate, and the
scour process is almost completed in the first half of the wave period. A practical
equation can be used to predict the temporal development of the scour depth.
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