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Abstract: The present study evaluates the performance of two numerical approaches in estimating
non-equilibrium scour patterns around a non-slender square structure subjected to a transient wave,
by comparing numerical findings with experimental data. This study also investigates the impact
of the structure’s positioning on bed evolution, analyzing configurations where the structure is
either attached to the sidewall or positioned at the centerline of the wave flume. The first numerical
method treats sediment particles as a distinct continuum phase, directly solving the continuity
and momentum equations for both sediment and fluid phases. The second method estimates
sediment transport using the quadratic law of bottom shear stress, yielding robust predictions of
bed evolution through meticulous calibration and validation. The findings reveal that both methods
underestimate vortex-induced near-bed vertical velocities. Deposits formed along vortex trajectories
are overestimated by the first method, while the second method satisfactorily predicts the bed
evolution beneath these paths. Scour holes caused by wave impingement tend to backfill as the flow
intensity diminishes. The second method cannot sufficiently capture this backfilling, whereas the
first method adequately reflects the phenomenon. Overall, this study highlights significant variations
in the predictive capabilities of both methods in regard to the evolution of non-equilibrium scour at
low Keulegan–Carpenter numbers.

Keywords: Keulegan–Carpenter number; solitary wave; non slender; wave–structure interaction;
FLOW-3D; SedWaveFoam

1. Introduction

The increase in the magnitude and frequency of storms is a crucial aspect of climate
change, where larger ocean waves lead to more frequent and harsher storm surge and
flooding events. The most recent examples are Hurricanes Ian and Nicole, which made
landfall in Florida on 28 September 2022 and 10 November 2022 as powerful Category 4
and 1 storms, respectively. Ian came ashore as one of the strongest storms ever to strike
Florida, leaving behind massive coastal damage and widespread power outages. Nicole
was the first storm to make landfall on Florida’s east coast since 2005, crossing the same
area that had been devastated by Ian six weeks earlier. Its massive size caused widespread
heavy rainfall and high winds across the Bahamas, Florida, and the Greater Antilles,
leading to power outages, substantial damage to infrastructure and residential buildings,
and extensive beach erosion along Florida’s east coast. These extreme flooding events
underscore the need for more in-depth studies on the failures of beachfront structures in
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the low-elevation urbanized coastal zones. An important factor that contributes to the
failure of beachfront structures during such events is the scouring process [1,2].

Wave- and/or current-induced equilibrium scour around slender cylindrical structures
has been extensively studied [3–20] due to its relevance to a wide range of applications such
as offshore wind farms in the renewable energy industry and bridges in the transportation
sector. Studies on the equilibrium scour of slender square structures under different
flow conditions have also been conducted [17,21–23]. However, knowledge on wave-
induced non-equilibrium scour processes around non-slender structures remains limited
due to lack of conclusive data. Non-equilibrium scour is a constantly evolving scour
pattern, as erosion and accretion are not in equilibrium. Various factors contribute to
non-equilibrium scour, including changes in flow velocity, sediment size distribution, and
turbulence intensity. It is commonly observed during transient flow conditions such as
waves, storm-driven floods, or tidal fluctuations. Understanding non-equilibrium scour
is essential for the design and maintenance of infrastructure, as it can lead to significant
alterations in the bathymetry around structures, posing risks to their stability and safety.
Therefore, investigating and predicting non-equilibrium scour processes is crucial for risk
mitigation and the integrity of coastal and hydraulic structures. Recent field investigations
have shown that wave-induced scour around beachfront structures is highly dependent on
the structure’s size and placement within an array [24–26]. Although these investigations
provide insight into the scouring process during extreme overland flooding events, they
do not contribute significantly to the accurate prediction of non-equilibrium scour around
beachfront structures.

Sediment transport processes can be numerically described by an equation set that
simulates the spatial and temporal evolution of a fluid flow carrying sediment as it interacts
with the adjacent mobile bed [27]. Numerical models that simulate sediment transport aim
to predict the overall mass flux and sediment concentration at each point in the domain
with reasonable accuracy. However, the literature review shows that studies investigating
the capability of these models in predicting non-equilibrium scour around non-slender
structures are still lacking. This gap in knowledge motivates the current work.

The present study aims to investigate the morphological changes in a sandy bed when a
transient wave interacts with an emerged non-slender square structure, using a combination
of wave flume experiments and high-fidelity numerical simulations. Additionally, the effect
of structure position on bed evolution was examined by considering two different layouts,
one where the structure was attached to the sidewall and the other where it was positioned
at the centerline. To numerically study the test cases mentioned above, two different
approaches were employed.

The first approach utilized SedWaveFoam, a numerical tool that considers the sediment
layer as a separate phase in addition to air and water phases and solves Reynolds-averaged
Navier–Stokes (RANS) equations. This tool differs from single-phase models that rely
on assumptions of bed/suspended load and bed shear stress [28–30] because it directly
solves the continuity and momentum equations for sediment, water, and air phases [31].
The second approach employed FLOW-3D, which estimates sediment transport using the
quadratic law of bottom shear stress for three-dimensional (3D) turbulent flow and resolves
the flow field using the RANS equations. However, the morphodynamics module of FLOW-
3D is case specific and requires calibration and validation to obtain robust estimations of
bed evolution [32,33].

In this study, a comprehensive comparative analysis was performed to assess the
predictive capabilities of the two different approaches as well as some of their shortcomings
in estimating the non-equilibrium scour around a non-slender emerged square structure
exposed a transient wave. It should be noted that the current version of SedWaveFoam only
supports the k − ε turbulence scheme, whereas FLOW-3D adopts the large eddy simulation
(LES) scheme to simulate the turbulent flow characteristics. Here, the authors regard
the two approaches as different tools, with discussions centered on a broad framework.
The capability of the models was tested for a low Keulegan–Carpenter (KC) number, and
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discussions were based on the non-equilibrium scour characteristics, suspended sediment
concentration, and patterns of sediment deposits in the vicinity of the structure. The present
study advances knowledge in the field of coastal and hydraulic engineering, offering
guidance for scientific community on selecting the most appropriate modeling approach
for similar scenarios. Overall, the effort provides valuable insights that can enhance coastal
resilience in the face of dynamic environmental conditions.

This research builds on the authors’ previous work [34–36], which focused on the
formation and evolution of non-equilibrium scour around square non-slender vertical
structures under solitary wave and/or combined flow (wave and current) actions. The
authors extend their previous work by providing high-fidelity numerical investigations
using a finer mesh and two different layouts to further investigate the underlying physics
of the phenomenon.

2. Physical Modeling

The experiments were carried out using the 25 m long × 1.5 m wide × 1.5 m deep
wave/current flume at Stony Brook University’s Coastal and Hydraulic Engineering Re-
search Laboratory (CHERL). The piston-type wet-back wavemaker had an active wave
absorption system (AWAS) that minimized the effect of wave reflection. To further dampen
the reflected waves, a honeycomb mesh that acted as a passive wave energy absorption
system was placed at the end of the wave flume (Figure 1). A sharp-edged wooden block
with cross-sectional dimensions 0.5 m × 0.5 m was placed on a 0.18 m thick sand layer with
a median grain diameter of d50 = 0.27 mm. The wave paddle was programmed to generate
a solitary wave as described by [37]

η(x, t) = H sech2(k(1 − ct)) (1)

where η is the water surface elevation, c is the wave celerity, t is time and k is the wave
number defined as

√
3H/4h3. The incident wave height (H) at the paddle was 10 cm,

with a period (T) of 3.20 s. The wave propagated over a 0.48 m water depth (h), which
was reduced to 0.30 m on the sandy bed. The flume experiments were conducted for two
layouts: (1) structure attached to the sidewall (side) and (2) structure positioned at the
centerline (center). The KC number used in the experiments is 3.14. While the experiments
were not specifically tailored to replicate a precise real-life condition, the structure and flow
parameters followed the Froude similitude with a λ = 1:40 length scale [17].

In small-scale flume experiments utilizing relatively large structures, blockage effects
may arise, leading to an increase in flow velocity and potentially causing contraction
scour. Various researchers have outlined specific geometric ratios necessary to ensure that
blockage effects on scour depth are minimal [19,38,39]. The distance of the structure from
a wall could impact the findings, leading to accelerated flow and changes in the wake
structure. In potential flow theory, the wall effect is considered negligible when a structure
is located at a distance from the wall equal to its dimension [40]. Therefore, the blockage
ratio is not expected to significantly impact local hydrodynamics in the experiments.

The instantaneous free surface elevation was measured via eight Edinburgh Designs
WG8USB resistive wave gauges (WG) with a sampling frequency of 128 Hz. The velocity
field was captured by three Nortek Vectrino Acoustic Doppler Velocimeters (ADV) with
a sampling rate of 25 Hz. The 3D velocity field was measured at one-third the still water
depth ( h/3) above the sandy bed. The surface of the sand layer was scanned using an
HR-Wallingford HRBP-1070 bed profiler system equipped with a laser probe with an
accuracy of ±0.5 mm. The scanned area measured 2.5 m in length and 1.5 m in width. The
limitations in the maneuverability of the probe arm assembly created a ~2 cm wide blind
zone around the structure, necessitating manual measurement. The surface of the sandy
bed was carefully leveled prior to each test, and the water level was allowed to settle and
be free from disturbances before conducting each trial. The number and plan view of the
instruments are shown in Figure 1. Further details on the experimental procedure can be
found in [36].
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3. Numerical Modeling

As previously mentioned, this study presents a comparative analysis of the scour
formation around the structure, utilizing two high-fidelity numerical models to predict
sediment motions and transport. One model employs multiphase flow physics, while the
other uses conventional bedload/suspended load formulations. Here, a brief description
of each model is presented.

3.1. SedWaveFoam

SedWaveFoam, developed within the OpenFOAM environment, is an open-source Eu-
lerian two-phase model for sediment transport [31]. This model combines the SedFoam [41],
InterFoam [42], and waves2Foam [43] models. The Reynolds-averaged mass conservation
equations for the air (a), water (w), and sediment (s) phases [42,44] are resolved by treating
the air and water as two immiscible fluids, collectively referred to as the fluid-phase ( f ).
The sediment is modeled as a miscible phase in the fluid, resulting in a two-phase flow. To
resolve the interface of the air and water phases, SedWaveFoam uses an interface tracking
scheme [31,42,45]. The mass conservation equations of the fluid and sediment phases are
written as follows:

∂ϕ f

∂t
+

∂ϕ f u f
i

∂xi
=

(
∂ϕa

∂t
+

∂ϕaua
i

∂xi

)
+

(
∂ϕw

∂t
+

∂ϕwuw
i

∂xi

)
= 0 (2)

∂ϕs

∂t
+

∂ϕsus
i

∂xi
= 0 (3)

where ϕa, ϕw, and ϕs represent the volumetric concentrations and ua, uw, and us are the
velocities of the air, water, and sediment phases, respectively. The fluid-phase volumetric
concentration and velocity are modelled as ϕ f = ϕa + ϕw and u f = (ϕaua + ϕwuw)/ϕ f ,
respectively. The global mass conservation satisfies ϕa + ϕw + ϕs = 1.

The simplified Reynolds-averaged momentum equations for the two-phase flow are
as follows:

∂ρ f ϕ
f u f

i
∂t

+
∂ρ f ϕ

f u f
i u f

j

∂xj
= −ϕ f ∂P f

∂xi
+ ρ f ϕ

f
gδi3 − σtγs

∂ϕa

∂xi
+

∂τ
f

ij

∂xj
+ M f s

i (4)

∂ρsϕsus
i

∂t
+

∂ρsϕsus
i us

j

∂xj
= −ϕs ∂P f

∂xi
− ∂Ps

∂xi
+ ρsϕsgδi3 − σtγs

∂ϕs

∂xi
+

∂τs
ij

∂xj
+ Ms f

i (5)
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where ρs and ρ f are the densities of sediment and fluid phases, and the density of the
fluid phase is modelled as ρ f = (ϕaρa + ϕwρw)/ϕ f . Here, the densities are adopted as
ρa = 1 kg/m3, ρw = 1000 kg/m3, and ρs = 2650 kg/m3. P f and Ps stand for the fluid
and particle pressures, and the fluid and particle shear stresses are symbolized by the
terms τ

f
ij and τs

ij, respectively. g is the gravitational acceleration and δi3 is the Dirac delta
function. The term σtγs represents the surface tension where σt and γs are the surface
tension coefficient and surface curvature, respectively. The fluid stress, τ

f
ij is modeled

using a two-equation k − ε model [31,45]. The interphase momentum transfer between
fluid–sediment (M f s

i ) and sediment–fluid (Ms f
i ) is a function of drag force and turbulent

suspension [41,46] and follows Newton’s third law (M f s
i = Ms f

i ). The particle pressure,
Ps, and particle shear stress, τs

ij, are modelled as a function of the collisional and frictional
components of the intergranular interactions with the former using the kinetic theory of
granular flow [47]. The reader is kindly referred to [31,41,45,46] for more detail.

3.2. FLOW-3D

FLOW-3D is a computational fluid dynamics (CFD) software package that utilizes
the finite volume method (FVM) to solve the 3D Reynolds-averaged Navier–Stokes equa-
tions [48]. The model employs volume-based techniques for simulation, where the equa-
tions are formulated with area and volume porosity functions, which are essential for the
Fractional Area/Volume Obstacle Representation Method, FAVORTM [49,50], while the free
surface is defined using a volume of fluid (VOF) function [51]. For incompressible fluids,
FLOW-3D utilizes the general mass continuity and momentum equations:

∂

∂xi
(ui Ai)= 0 (6)

∂ui
∂t

+
1

VF

{
uj Aj

∂ui
∂xj

}
= −1

ρ

∂P
∂xi

+ Gi + fi (7)

where i, j = 1, 2, 3 represent the 3D flow field, ui is the fluid velocity, Ai is the fractional
area open to fluid flow, t is time, VF is the fractional volume open to flow, ρ is the fluid
density, P is pressure, Gi is the body acceleration and fi is the viscous acceleration.

The VOF function, F, satisfies the following:

∂F
∂t

+
1

VF

[
∂

∂xi
(FAiui)

]
= FDIF (8)

where

FDIF =
1

VF

[
∂

∂xi

(
νF Ai

∂F
∂xi

)]
(9)

and the diffusion coefficient is νF = σcµ f /ρ. The constant, σc, is referred to as turbulent
Schmidt number, and µ f is the dynamic viscosity of fluid.

The turbulence models implemented in FLOW-3D differ slightly from conventional for-
mulations due to the inclusion of the FAVORTM method in the equations and a generalized
treatment of turbulence production associated with buoyancy forces [48].

Notably, FLOW-3D offers several turbulence model closures, including the two-equation
k − ω, renormalization group (RNG) k − ε, and large eddy simulation (LES) [48,49]. More-
over, the hydrodynamic solver of FLOW-3D is fully coupled with a sediment transport
module that simulates morphological changes resulting from various physical processes,
such as bedload transport, entrainment, and deposition. The standard wall function is
employed to evaluate bed shear stress in 3D turbulent flows, incorporating bed surface
roughness proportional to the median grain size:

ks = croughd50 (10)
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where ks is the Nikuradse roughness of the bed surface, crough is a user-defined coefficient
with default value 2.5, and d50 is the median grain size.

In FLOW-3D, the suspended sediment is modeled as a scalar mass concentration that
is assumed to be uniform across each computational cell and coupled with the density
and viscosity of the fluid cell. To simulate the entrainment of sediment grains, FLOW-3D
employs the equation of [52] to calculate the lift velocity of the entrained sediment grains.

ulift = αnsd0.3
∗

(
θ − θ′cr

)1.5

√√√√ ∥g∥d50

(
ρs − ρ f

)
ρ f

(11)

where ulift is the entrainment lift velocity of sediment, α is the entrainment parameter with
a recommended value of 0.018 [52], ns is the vector normal to the bed interface, θ and θcr
are the local and critical Shields parameters given by [53], ∥g∥ is the magnitude of the
gravitational acceleration, ρs and ρ f are the sediment and fluid densities, respectively, and
d∗ is a dimensionless grain diameter given by the following equation:

d∗ = d50

ρ f

(
ρs − ρ f

)
∥g∥

µ2
f

1/3

(12)

The settling velocity of a sediment grain is given as follows [53]:

usettling =
νF
d50

[(
10.362 + 1.049d3

∗

)0.5
− 10.36

]
(13)

The bedload transport in each mesh cell can be calculated by three different formulations:
Nielsen [54]

Φ = βNieθ0.5(θ − θ′cr
)

(14)

van Rijn [55]

Φ = βVRd−0.3
∗

(
θ

θ′cr
− 1

)2.1
(15)

Meyer-Peter and Müller [56]

Φ = βMPM
(
θ − θ′cr

)1.5 (16)

Here, Φ is the dimensionless bed-load transport rate; βNie, βVR, and βMPM are coeffi-
cients typically taken as 12.0, 0.053, and 8.0, respectively.

The suspended sediment concentration is calculated as follows:

∂cs

∂t
+∇·(uscs) = ∇·∇(Dcs) (17)

where cs is the suspended sediment volume concentration, D is the diffusivity, us is the
suspended sediment velocity calculated as us = u + usettlingcs, u being the velocity of the
fluid–sediment mixture.

3.3. Implementation

To accurately recreate the water surface variations recorded at WG1, the SedWaveFoam
model requires a sufficient number of harmonics, defined by their amplitudes, phases, and
periods. To generate the input boundary conditions, the incident wave signal recorded at
WG1 was transformed using the fast Fourier transform (FFT) algorithm, and its harmonics
were used. The rigid boundaries of the numerical wave flume (NWF) were defined as
no-slip/wall boundaries. To prevent wave reflection from the landward end, an absorption
boundary condition was applied at the outlet, where an inward corrective velocity was
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generated to absorb the incident wave. The depth of the water, gravitational acceleration,
and the free surface height of the border were factors considered in determining this
velocity [57,58].

The incident wave time series measured at WG1 was directly applied at the inlet of the
FLOW-3D NWF, with the flume bottom, sidewalls, and structure defined as wall/no-slip
boundaries. The NWF had a wave absorbing (sponge) layer, where an artificial linear
damping force was implemented to dissipate wave motion [48]. The wave-absorbing
boundary was enforced by selecting an outflow boundary condition at the outlet.

The index of agreement (IA) metric [59] was employed to measure the accuracy of
the simulations. IA accounts for phase disagreements, where IA = 1 and IA = 0 indicate
perfect agreement and disagreement, respectively. To that end, the mesh was refined until
the calculated IA for the measured versus computed horizontal velocity components, u,
remained relatively unchanged (Figure 2). Mesh independence was achieved at a minimum
cell size of 2.5 mm for both models. The center layout yielded the same results as the
side layout.
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Figure 3 illustrates the final mesh structure utilized in the NWF. The largest cell size
on the x − y plane was 25 mm, which was gradually refined to a smaller cell size near the
structure. The optimal cell size of 2.5 mm, as determined from grid sensitivity analyses,
was employed in the refinement area marked by a dashed rectangle (Figure 3). Moreover,
the region spanning from z = −0.33 m to z = −0.30 m underwent further refinement from
5 mm to 0.5 mm to achieve a more precise prediction of scouring.

To ensure model stability and convergence, the simulations used an adaptive time step
with a maximum Courant number of 0.2. The model outputs had a sampling rate of 25 Hz,
consistent with that of the ADVs. The total number of grid points in the FLOW-3D NWF
for the side layout was ~7.2 × 106 and the clock time for a 15 s simulation was 102 h using
8 cores of a 12th Gen Intel Core i9-12900KF processor. The total number of grid points for
the center layout, on the other hand, was ~17.4 × 106, with 130 h clock time. Even though
the same variable mesh was adopted in both models in the vicinity of the structure, the
SedWaveFoam NWF required longer wave generation and absorption zones for numerical
stability. This resulted in an increase in the total number of grid points to ~22.5 × 106

and ~44.2 × 106 for the side and center layouts, respectively. The clock time of the 15 s
SedWaveFoam simulation was 300 h for the side layout and 624 h for the center layout on
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Blueshark High Performance Computing Cluster at Florida Tech with 10 × 2 × Hexa-Core
Intel Xeon X5650 @ 2.67GHz CPUs (120 cores). (Intel, Santa Clara, CA, USA).
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Figure 3. Final mesh of NWF for both models. (a) side; (b) center layouts on x − y plane; (c) both
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3.4. Validation

The accuracy of the numerical models is evaluated in both time and frequency domains.
The wave gauges and ADVs were replicated in the NWF as line probes at the same locations
as those in the experiments.

Figure 4a,b illustrates the temporal variations of the free surface elevation (η) at three
selected wave gauge positions—WG1, WG2, WG3, and WG4 for the side layout and WG1,
WG2, WG3, and WG7 for the center layout. WG1 is the wave gauge closest to the wave
maker in both layouts, illustrating the time series profile of the incident wave generated by
the wave maker. The height of the solitary wave measured by WG1 is 0.097 m. The gauges
WG2 and WG3 measure the surface fluctuations of the channeled flows in both layouts,
and WG4 and WG7 are the gauges that are attached to the structure’s seaside face for the
side and center layouts, respectively. The IA values for η range between 0.9–1.0, indicating
a good agreement (Table 1).

The streamwise (u), spanwise (v), and vertical (w) velocity components at the three
ADV locations are shown in Figure 4c,d. The raw velocity data were filtered to remove the
noise resulting from potential air entrainment and suspended sediment. The noise was
filtered based on a correlation ≥ 75% and signal-to-noise ratio (SNR) ≥ 10–15. Compared
to the free surface elevations, the velocity field has lower IA values, especially for spanwise
and vertical velocity components (Table 1). These discrepancies are attributed to the
residual noise in the measured data. The lowest IAs are related to the vertical velocity
component, w, which is considerably small compared to the other two velocity components.
Overall, a satisfactory performance was achieved.
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Figure 4. Comparison of measured (gray circles) and computed free surface elevations (η) and velocity
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FLOW-3D results, respectively.

Table 1. Index of agreement (IA) for free surface elevations and velocity components.

WG1 WG2 WG3 WG4 WG5 WG6 WG7 WG8

SedWaveFoam
Side 0.974 0.980 0.978 0.977 0.966 0.959 0.951 0.944

Center 0.971 0.975 0.977 0.973 0.964 0.953 0.949 0.944

FLOW-3D
Side 0.998 0.985 0.982 0.969 0.988 0.976 0.982 0.977

Center 0.989 0.979 0.978 0.965 0.986 0.902 0.978 0.963

ADV1 ADV2 ADV3

u v w u v w u v w

SedWaveFoam
Side 0.912 0.685 0.661 0.925 0.784 0.545 0.894 0.681 0.554

Center 0.923 0.798 0.653 0.949 0.726 0.671 0.905 0.714 0.608

FLOW-3D
Side 0.937 0.738 0.646 0.934 0.751 0.671 0.909 0.686 0.589

Center 0.972 0.773 0.642 0.958 0.779 0.701 0.927 0.724 0.614

3.5. Model Calibration

The sediment transport module of FLOW-3D is case specific, which requires careful
calibration and validation through several parameters such as the entrainment parameter,
αi; bedload transport model type; and turbulence scheme. The following subsections
provide an in-depth calibration analysis using the abovementioned parameters.

3.5.1. Entrainment Parameter

Wake vortices are the main driving mechanism of scouring around structures under
wave action, where suspended sediment transport is identified as the major transport
mode [11,12,17,35,36,60]. Therefore, accurately replicating the suspended sediment concen-
tration in the FLOW-3D model is crucial. To achieve reliable results, it is imperative to adjust
the lifting velocity (Equation (11)), which is a function of the entrainment parameter (α).
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Figure 5 shows the comparisons of the measured and predicted bed elevation (S)
using three different entrainment parameters ranging from α = 0.018 (default) to α = 0.18
at a particular time instant (t = 15 s) as an example. The predicted bed elevations for
both layouts did not align well with the experimental results when the recommended
value of the entrainment parameter, α = 0.018, was employed. Of the parameters tested,
α = 0.18 was found to provide the best outcome based on the comparison of the scour and
deposition patterns as well as the maximum scour depths for both layouts (Figure 5).
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The figure compares the measured and predicted bed elevations using three different α values.

3.5.2. Bedload Transport Model

FLOW-3D considers a packed bed as an erodible solid object, with its morphological
changes governed by the conservation of sediment mass. Bedload transport is described as
sediment moving laterally along the channel without being suspended. The model com-
putes bedload transport in each mesh cell using equations from Nielsen [54], van Rijn [55],
or Meyer-Peter and Müller [56]. These three equations were compared to determine the
most applicable approach for the default roughness coefficient, crough = ks/d50 = 2.5,
where d50 = 0.27 mm (Figure 6). The Nielsen equation produced the best results, with the
scour and deposition trends closely matching the experimental data. The predictions were
consistent with the center layout.
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3.5.3. Turbulence Scheme

The simulations were carried out using four different turbulence schemes: (i) the two-
equation k − ω model [61–63]—suitable for modeling free shear flows with streamwise
pressure gradients like spreading jets, wakes, and plumes; (ii) the two-equation k − ε

model [64]—dynamically calculates the turbulent mixing length and thus useful for a wide
range of flows [65]; (iii) the renormalized group (RNG) k − ε model [66,67]—extends the
capabilities of the standard k − ε model and provide a better coverage for transitionally
turbulent flows; (iv) the LES model—resolves most of the turbulent fluctuations directly,
thus requiring much more computational resources compared to the two-equation models.
Figure 7 highlights the implication of these four turbulence schemes in terms of scour and
depositions in the vicinity of the structure for the side layout.
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The LES scheme predicted both seaside and leeside non-equilibrium scour reasonably
well, while the RNG, k − ε, and k − ω schemes struggled to effectively predict the depo-
sitions around the structure. Instead, these approaches computed large scour footprints
on the leeside of the structure that extended along a ∼ 45

◦
line towards the center of the

NWF—a phenomenon that was not observed during the experiments. Similar results were
obtained for the center layout, where the LES scheme provided the best result with respect
to non-equilibrium scour prediction.

In summary, the calibration analysis indicates that FLOW-3D produced the best bed
elevation predictions with αi = 0.18, the Nielsen [54] bed load transport model, and LES as
the turbulence scheme.

4. Results and Discussion

A comparative analysis of the SedWaveFoam and FLOW-3D performances is presented
in the following.

In Figure 8, we observe the spatial distributions of the instantaneous surface horizontal
velocity, U =

√
u2 + v2, and the vertical velocity component, w, at two different depths:

h/3 m above the sandy bed and on the surface of the sandy bed. The most intense vortex
motion is observed between t = 7 s and t = 8 s, shortly after the wave impinges on the
structure. The spatial distributions of U and w simulated by both models are quite similar
for these time instants. The highest surface horizontal velocities are observed in the area
near the vortex cores, which become less intense as the water level rises under the crest of
the solitary wave.

Both the surface horizontal and vertical velocities above the bed increase as the wake
vortex moves along its spiral trajectory (Figure 8a,c) for both layouts. However, the same
trend is not observed on the bed surface, where the magnitude of these velocities does
not change significantly with respect to time (Figure 8b,d). These findings suggest that
changes in vortex intensity do not necessarily have an impact on sediment suspension
above a certain elevation from the bed.
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panels: side layout. Lower two panels: center layout.

Figure 9 depicts the spatial distributions of the instantaneous surface horizontal ve-
locity, U, and the out-of-plane vorticity, ωz, extracted at the two different depths—h/3 m
above the sandy bed and on the bed surface—at t = 7 s and t = 8 s. The spatial distri-
bution of ωz simulated by both models is very similar, where the intensity ranges from
−30 Hz to 30 Hz. The clockwise (CW) and counterclockwise (CCW) spinning vorticities
at t = 8 s—marked with hot and cold colors, respectively—are the vortex doublets (i.e.,
ωza and ωza′ ; ωzb and ωzb′ ). For the center layout, a symmetric pattern of vortex pairs
is formed on both seaside and leeside, with the structure’s centerline being the line of
symmetry. The wake vortices, ωzb and ωzc, are found to be larger and more intense than
the out-of-plane vortices, ωza and ωzd, that occur at the seaside of the structure. The CCW
rotating out-of-plane vortices follow a spiral trajectory for both layouts. On the other hand,
the formation of CW rotating vortices, ωz′ , is attributed to the offshore-directed flow. These
vortices adopt a path that is close to a 45◦ line.
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Figure 9. Spatial distributions of U and ωz at t = 7 s and t = 8 s, extracted from (a,c) h/3 m above
bed; (b,d) bed surface. (a,b) and (c,d) are SedWaveFoam and FLOW-3D results, respectively. Upper
two panels: side layout. Lower two panels: center layout.

Figures 10 and 11 present the spatiotemporal variation in bed elevation and sediment
volumetric concentration ( ϕs) in the vicinity of the structure for both layouts. Here, the
relative position of the bed within each cell is obtained by taking ϕs as 0.5 based on VOF
method (Figures 10 and 11—upper panels). The values of ϕs range between 0 and 0.6 since
the porosity of the sediment (i.e., the fluid fraction) is 0.4 (Figures 10 and 11—lower panels).
As SedWaveFoam solves for the three phases, it treats sediment as a single separate phase
in addition to air and water phases. Therefore, the instantaneous “spikes” (S > 0) in
Figures 10a and 11a (upper panels) represent suspended sediment, which is included in
the predicted bed elevation. FLOW-3D, on the other hand, employs the quadratic law
of bottom shear stress and Equations (14)–(17) to estimate the bed load and suspended
sediment concentration and generates separate outputs for bed elevation and sediment
transport modes. Consequently, the FLOW-3D output does not reflect any instantaneous
“spikes” (Figures 10b and 11b).



J. Mar. Sci. Eng. 2024, 12, 946 14 of 22

Both models predict that soon after the wave impingement on the structure, a signifi-
cant amount of sediment is suspended near the edges, followed by the formation of scour
holes. The highest suspended sediment concentration is confined within the lowest 30%
of the water column (i.e., z = −0.30 m and z = −0.22 m) around the cores of the wake
vortices. This can be attributed to the underprediction of the vortex-induced near-bed
vertical velocity (wn) by both models, which is unable to carry the suspended sediment
further upward towards the free surface. Furthermore, between t = 6 s and t = 8 s, the
dominant sediment transport mode is the suspended load, which is the determining factor
denoting the deposition and/or erosion patterns.
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Figure 11. Bed elevation and suspended sediment concentration ( ϕs) in the vicinity of the structure
at various time instants for center layout. (a) SedWaveFoam results; (b) FLOW-3D results.

The suspended sediment concentration in the vicinity of the structure is relatively
lower when the structure is placed in the center of the NWF (Figures 10b and 11b) owing
to a less intense near-bed vorticity for the center layout (Figure 9b,d) compared to that of
the side layout. Accordingly, the scour holes around the structure’s edges are relatively
shallower for the center layout, consistently predicted by two models (Figures 10a and 11a).
The difference in the scour hole depths between the two layouts is more distinctive in
the FLOW-3D predictions, possibly because the suspended sediment concentration is
considerably lower than that predicted by SedWaveFoam.

The instantaneous suspended sediment concentrations at the leeside edge of the
structure simulated by SedWaveFoam and FLOW-3D follow a similar trend for both layouts.
The sediment that is captured by the out-of-plane vortex is carried up to z = −0.22 m
and z = −0.24 m for the side and center layouts, respectively. On the other hand, the
instantaneous suspended sediment concentrations at the seaside edge of the structure
simulated by SedWaveFoam follow a different trend than that of FLOW-3D. The difference
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can be attributed to the intensity of the wake vortex simulated by both models. In particular,
for the center layout, the suspended sediment concentration simulated by SedWaveFoam is
relatively higher, where it is carried up to z = −0.28 m.

Figure 12—upper panels depict the trajectories of the primary vortices and the plan
view of sandy bed at t = 15 s for both layouts. The changes in the sandy bed morphology
occur primarily along the vortex trajectories. The sediment mobilized by the near-bed
vertical velocity (wn) is entrapped by out-of-plane and wake vortices. The less intense
out-of-plane vortices transport and deposit the sediment in the vicinity of the structure.
On the other hand, as the wake vortices drift further seaward, they can no longer sustain
their energy and start to dissipate, leaving sediment deposits along their trajectories. When
the structure is placed on the side of the wave flume, the path of the out-of-plane vortices
simulated by SedWaveFoam is quite similar to that of experiments (i.e., the dotted arrows),
while the out-of-plane vortex trajectory simulated by FLOW-3D slightly differs from the
measurements. The traces of the sediment deposits captured by the wake vortex and
simulated by SedWaveFoam are oriented ~35 degrees (Figure 12a) with respect to the
incident wave direction, while the wake vortex simulated by FLOW-3D travels along
a nearly 45-degree trajectory (Figure 12b), consistent with the observations marked by
the dotted arrows. For the center layout, the trajectory of the out-of-plane vortex pair
bends towards the structure’s seaside wall (Figure 12e), forming a thin layer of sediment
deposit along the trajectory. On the other hand, the wake vortex pair follows a spiral path
(Figure 12f), forming scour holes along the leeside edges, and depositing sediment along
its trajectory. The vortex pair trajectories simulated by both models are quite similar to the
observations. Contrary to the laboratory observations, SedWaveFoam predicts additional
sediment deposits along the trajectory of the wake vortices for both layouts (Figure 12c,g).
This is most likely due to the poor performance of the k − ε model, which underpredicts
wn. For the side layout, the predicted scour hole depth is lower than the measured value,
whereas the model predicts deeper scour holes around the edges of the structure for the
center layout. Both SedWaveFoam and FLOW-3D underestimate the depth of the scour
holes at the structure’s edges for the side layout, whereas they overpredict the scour holes
for the center layout (Figure 12d,h). Overall, it is seen that FLOW-3D performs better than
SedWaveFoam at predicting the final bed elevation. This finding is mainly attributed to the
LES turbulence scheme used in FLOW-3D, which assists the model in resolving smaller
eddies that may still contribute to bed evolution.
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The instantaneous bed elevation along the vortex trajectories at t = 15 s, extracted from
the measured final bed elevation, for both seaside and leeside of the structure is plotted
in Figure 13 for both layouts. The inconsistencies between the predicted and actual bed
elevations, ∆z, are calculated by subtracting the actual bed elevation from those simulated
by the two models. The shaded panels in Figure 13 present ∆z, where the dashed red and
black lines represent the deviation of the SedWaveFoam and FLOW-3D simulations from
the measurements, respectively. The scour induced by both out-of-plane and wake vortices
is followed by areas of mild deposition along the vortex trajectories. The vortex effect on the
bottom is inferred by comparing the scour depth for both layouts. The near-bed vorticity
is relatively higher for the side layout (Figure 9), leading to deeper scour holes both at
the leeside and seaside of the structure. SedWaveFoam slightly overestimates deposits
along vortex trajectories for both layouts. FLOW-3D, on the other hand, performs better
in predicting deposits beneath the vortex paths at the structure’s seaside for both layouts;
however, the deposits towards the structure’s leeside are underestimated for the side layout.
Both models fail to accurately predict the vortex-induced scour, which is most noticeable at
the structure’s seaside for the side layout.
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The temporal evolution of the maximum scour depth on the seaside and leeside of
the structure is shown in Figure 14, where the measured maximum scour at t = 15 s is
denoted by “X”. The scour holes generated by the wave impingement are backfilled after
the wave passes the structure and the flow climate gets milder. The backfilling is more
prominent in SedWaveFoam results, where the initial scour depth is considerably reduced
between t = 7 s and t = 8 s. The scour depth on the seaside is relatively constant until
t = 13 s before it undergoes a sudden increase. The scour depth then remains constant,
implying that stability is reached. On the other hand, the scour hole formed at the leeside
of the structure is disrupted at t = 10.5 s both for the side and center layout, where an
increase in scour depth is followed by abrupt backfilling. This is probably associated with
the settling of sand that was previously suspended by the strong wake vortices during
wave impingement. FLOW-3D simulations do not reflect the backfilling of the initially
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formed scour. The scour depth reaches its maximum depth at t = 8 s for both layouts and
does not show any variation until t = 15 s.
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Figure 14. Temporal evolution of maximum scour depth at seaside and leeside of the structure. Upper
panels: side layout. Lower panels: center layout. Red and black lines represent SedWaveFoam and
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SedWaveFoam manages to capture the backfilling process that is observed during the
experiments after the wave impingement and predicts the maximum scour depth with
reasonable accuracy. FLOW-3D, on the other hand, performs poorly and fails to accurately
predict the maximum scour depth at t = 15 s. Overall, SedWaveFoam performs better in
capturing the temporal evolution of the maximum scour depth for both layouts.

The cross-sectional view of sandy bed along two lines, i.e., line A–A, and D–D, at
t = 15 s is given in Figure 15. The cross-sections are taken 3 cm away from the structure for
both layouts. SedWaveFoam underestimates the seaside and leeside scour depths for the
side layout and predicts depositions in the vicinity of the structure, which are not observed
in the experiments for both layouts. The disparity seen between the measurement and Sed-
WaveFoam results is most likely due to k − ε model, which inherently underestimates the
intensity of the vortex in the case of adverse pressure caused by flow blockage [61,68–70].
These vortices are unlikely to carry the trapped sediment away from the structure, re-
sulting in the depositions depicted in Figure 15. Compared to SedWaveFoam, FLOW-3D
demonstrates a better performance in predicting the cross-sectional bed evolution. For
both layouts, the model predicts no depositions near the structure, while the scour depth
is slightly underpredicted for the side layout. Both models overestimate the scour depth
for the center layout. This is attributed to the predicted near-bed vorticities, which are
relatively higher compared to the experiments.
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FLOW-3D results, respectively. Gray dashed line represents the structure.

5. Conclusions

The present study presents a thorough analysis of the accuracy of two different ap-
proaches in estimating the non-equilibrium scour around a non-slender structure exposed
to a transient wave as well as a detailed description of the scouring and deposition pro-
cesses based on laboratory observations and numerical simulations. The first numerical
method treats the sediment layer as a separate phase and directly solves continuity and
momentum equations for the sediment, water, and air phases by implementing the k − ε

turbulence scheme. The second numerical approach estimates sediment transport using
conventional bedload and suspended load methods where the quadratic law of bottom
shear stress for 3D turbulent flow is assumed and the LES scheme is utilized.

The most intense vortex motion is seen immediately after the wave impinges on the
structure. The area around the vortex cores has the highest surface horizontal velocities,
which decrease in intensity as water depth increases. For both layouts, the surface hori-
zontal and vertical velocities increase as the wake vortex moves along its spiral trajectory.
The same pattern is not seen near the sandy bed, where the magnitude of these velocities
does not vary dramatically over time. The wake vortices are larger and more intense than
the out-of-plane vortices that form at the structure’s seaside. The predicted suspended
sediment concentration is mostly confined between z = −0.30 m and z = −0.22 m, which
is attributed to the underestimation of vortex-induced near-bed vertical velocities by both
SedWaveFoam and FLOW-3D. It is found that the suspended sediment concentration in
the vicinity of the structure is relatively lower when the structure is placed in the center of
the NWF. This is expected given that the near-bed vorticity magnitudes of the vortex pairs
in the center layout are smaller than those in the side layout. As a result, the scour around
the structure’s edges is deeper when the structure is placed on the side of the NWF. Sed-
WaveFoam overestimates the deposits along vortex trajectories for both layouts, whereas
FLOW-3D satisfactorily predicts scour and depositions beneath vortex paths. When the
wave passes the structure and the flow climate becomes milder, the scour holes caused by
the wave impingement are backfilled. SedWaveFoam can estimate the maximum scour
depth and capture this backfilling. FLOW-3D results, on the other hand, do not reflect the
backfilling that is seen during the experiments and the model fails to accurately predict
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the maximum scour depth. SedWaveFoam results indicate noticeable depositions along
the cross-sections taken 3 cm away from the structure. These depositions are not observed
in the experiments for both layouts. Both SedWaveFoam and FLOW-3D underpredict the
scour depth for the side layout and overestimate the scour depth for the center layout.

No clear-cut case can be made for the advantages of utilizing any of the two different
approaches based on the available evidence because the capabilities of SedWaveFoam and
FLOW-3D in predicting the non-equilibrium scour for a low KC number vary greatly. Each
model has its pros and cons, which were covered in detail in the preceding sections, and
the results discussed here do not support the use of one model over another. However, the
unwanted depositions in the vicinity of the structure and along vortex trajectories simulated
by SedWaveFoam suggest that incorporating LES into SedWaveFoam could be a viable
approach for future model improvement. On the other hand, the two equation turbulence
schemes embedded in FLOW-3D fail to procure reliable results regarding the evolution
of the sandy bed and the LES scheme is strongly encouraged to reach more accurate
results. Unlike SedWaveFoam, FLOW-3D requires careful calibration of the entrainment
parameter for each test case to properly estimate the suspended sediment concentration and
backfilling, which shows that the model is case specific and should be used with caution.

The results of this study are only applicable to the flow conditions, structure size, and
placements considered. For definitive conclusions addressing the scour around non-slender
square structures under transient wave conditions, a more thorough investigation including
a wider variety of flow conditions, structure dimensions, and layouts is required.
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