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ARTICLE INFO ABSTRACT

Keywords: This study explores the scour phenomenon around a submerged square pile under the combined influence of
Scour ) waves and currents. To this end, a three-dimensional Computational Fluid Dynamics model was developed. The
Smee;gence ratio numerical model solves the Reynolds-averaged Navier-Stokes (RANS) equations with k-w turbulence closure
Hor_s_es oe vortex model. The Level-Set method is utilized to monitor free surface interface realistically within the computational
Trailing vortex L . - . A
. model. The Exner formulation is used to compute the bed elevation variations. An extensive validation is con-
Combined wave-current flows . . .
ducted for square pile scour in steady current, wave only, and wave—current conditions. Subsequently, the
validated numerical model is utilized to analyze the impact of the submergence ratio, wave-current parameter
(U.w), and Keulegan—Carpenter (KC) number on the normalized scour depth around the submerged square pile in
combined wave-current flows. The numerical results show that an increase in submergence ratio leads to an
increased normalized scour depth around submerged piles in wave-current flows. Furthermore, it was found that
a larger U, results in a larger normalized scour depth around the submerged square pile. However, for larger KC
values of 12 and 18, the effect of U, becomes negligible due to the suppression of lee-wake vortices by

developed trailing vortices.

1. Introduction

Submerged piles play a crucial role in coastal environments, serving
diverse purposes in infrastructure development, marine construction,
and environmental management. These piles are widely utilized as
components in pile-like structures, including bridge piers, submerged
pile breakwaters, and subsea caissons within coastal environments (Yao
et al., 2018). The introduction of submerged piles in coastal areas adds
complexity to hydrodynamics and sediment transport phenomena,
leading to the formation of scour holes around the piles. The presence of
waves and currents simultaneously in coastal environments renders the
local scour phenomenon much more complex. Understanding scour is
imperative since excessive scouring could cause geotechnical in-
stabilities, such as a breaching flow slide—a dilative failure that occurs
when a slope steeper than the sediment internal friction angle is created
(Alhaddad et al.,, 2020, 2023, 2024). Generally, square piles are
preferred over circular piles in coastal environments due to their
cost-effectiveness and capacity to handle higher moments (Pedram,
2015). Most of the prior investigations concentrated on scouring around
circular piles in a steady current. However, limited research has been
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conducted addressing submerged square pile scour in wave-current
conditions.

The introduction of submerged piles with limited heights in the
wave-current flows maintains certain key flow features similar to those
observed around unsubmerged piles. These features include the down-
flow and horseshoe vortex (HSV) upstream of the pile, followed by the
lee-wake vortices downstream, and an additional trailing vortex
emerging above the cylinder. The trailing vortex surpasses the pile,
engaging with the lee-wake vortices and ultimately causing the com-
plete suppression of vortex shedding downstream of the pile. Addi-
tionally, the diminished height of the pile contributes to a decreased
interference with the flow, resulting in a reduction in the intensity of the
downflow at the upstream side of the pile. Consequently, this reduction
leads to a decrease in the HSV’s strength and size. The pictorial repre-
sentation of the flow structures around the submerged square pile is
shown in Fig. 1.

In coastal and marine environments, waves exert a more dominant
influence compared to currents. According to Soulsby (1997), the
wave-current interaction causes (1) a modification of the phase speed
and wavelength of the wave, which causes refraction of waves, (2) bed
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Fig. 1. Three-dimensional representation of flow pattern around a submerged
square pile.
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Fig. 2. Numerical model validation with experimental findings of Khosronejad
et al. (2022) for square pile scour under steady currents.

shear stress increment due to wave-current boundary layer interactions,
and (3) the development of wave-generated currents. In combined
wave-current flows, the Keulegan-Carpenter (KC) number and
wave-current parameter (Ug,) governed the pile scour phenomenon
(Sumer and Fredsge, 2001). The KC and U, parameters can be
expressed as given in Egs. (1) and (2).

U,T

— 1

KC D (@]
U,

Uy = 2

=T UL (2)

where U, is the wave’s orbital velocity of the water particle near the
sediment bed in undisturbed condition, U, is the velocity of the steady
current in undisturbed condition, D is the square pile width obstructing
the flow in the y direction, and T is the wave period.

In combined wave-current flow, Qi and Gao (2014b) performed an
experimental study on pile scour and proposed a non-dimensional
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Fig. 3. Numerical model validation with experimental findings of Du et al.
(2022a) for submerged square pile scour under steady currents.
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Fig. 4. Numerical model validation with experimental results of Sumer et al.
(1993) for square pile scour under wave-only.

parameter known as the average-velocity based Froude number (Frg).
The Frq can be represented as provided in Eq. (3).

3

where U, is the average water particle velocity during one-quarter cycle
of oscillation in combined wave-current flows, and can be represented as
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Fig. 5. Numerical model validation with experimental findings of Dogan
(2021) for circular pile scour under wave-only.
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Fig. 6. Numerical model validation with experimental results of Du et al.
(2022b) for the temporal variation of the submerged square pile in
wave-current flows.

given in Eq. (4).
T/4

/ (U.+ Uy, sin(27t / T))dt=U, + %Uw 4)
0

1
Ua—m

Most studies on local scour around a submerged cylinder are
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Fig. 7. Numerical model validation with grid convergence against experi-
mental results of Lyu et al. (2021) for the temporal variation of circular pile
scour in wave-current flow.

conducted under steady flows (Dey et al., 2008; Du et al., 2022a; Yao
et al., 2018; Zhao et al., 2010). In one of the notable studies, Dey et al.
(2008) conducted an experimental investigation on scour around a
submerged vertical circular cylinder under a steady current. They
compared results between unsubmerged and submerged cylinders under
identical flow conditions, finding that an increase in submergence ratio
(flow depth to pile height) led to decreased scour depth in a steady
current. Further, Zhao et al. (2010) examined the submerged circular
pile scour under steady flow conditions. The numerical findings were
verified by comparing them with the experimental results. They varied
the cylinder height-to-diameter ratios (h./D, where h, is the height of the
square pile above the bed level) with a constant flow depth, observing a
decrease in scour depth as the cylinder height decreased. In the case of
short cylinders with h./D < 0.5, the lack of vortex shedding resulted in
the absence of scour beneath the cylinder. Conversely, for h./D ratios
exceeding 2, the scour depth demonstrated almost no dependency on h,.
Further, Yao et al. (2018) examined the scour at submerged square (45°
and 90° orientation) and circular cylinder piles in steady currents. Their
study focused on local scour with h./D ranging from 0.1 to 8, consid-
ering clear water and sheet flow conditions. They reported decreased
equilibrium scour depth (S) for h./D < 4.

Several notable works have been conducted to explore the scour
phenomena around non-submerged circular piles, particularly in wave-
current flows (Chen and Li, 2018; Eadie IV and Herbich, 1987; Qi and
Gao, 2014a; Qi and Gao, 2014b; Sumer and Fredsge, 2001). However,
few studies have specifically examined the submerged pile scour in
wave-current flows (Du et al., 2022b; Lyu et al., 2021). Lyu et al. (2021)
performed an experimental investigation on local scour around sub-
merged circular piles in combined wave-current. They reported that the
HSV and vortex shedding phenomenon weaken when the monopile
height or submergence ratio (h./D) decreases. They also examined the
effect of KC and Froude numbers (Fr) on pile scour in wave-current
flows. Recently, Du et al. (2022b) performed an experimental study to
examine submerged square pile scour in wave-current flows. They
observed that the pile height-to-width ratio significantly affects the
equilibrium scour depth. However, the scope of their experimental study
is confined to lower KC regimes and a limited range of wave-current
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parameters (Uy,).

Recently, several researchers have performed experimental and nu-
merical studies on sediment transport phenomena. Khosronejad et al.
(2020) performed an experimental and numerical study on sediment
transport around an abutment using rigid-lid (RL) and level-set methods
(LSM), respectively, for large eddy simulations (LES). Their numerical
model shows good agreement with the experimental results. Similarly,
Sogut et al. (2022) performed laboratory experiments and numerical
simulations using the Monte Carlo method to examine scour around a
square structure on a sandy berm. Their three-dimensional (3D) Eulerian
two-phase model, SedWaveFoam, agrees with the experimental results
of non-equilibrium scour around sharp-edged square structures for low
KC numbers. Further, Lancaster et al. (2022) performed a comprehen-
sive numerical study on wave-induced scour around a bluff body. The
numerical model REEF3D was tested in various wave conditions,
structure geometries, and sediment sizes to accurately estimate scour.
Their findings indicate that the non-dimensional scour depth does not
vary significantly with the sediment size or structure dimensions.
Recently, Velioglu Sogut et al. (2024) performed a numerical study to
examine non-equilibrium scour depth at emerged structure under
transient wave. They have used the SedWaveFoam and FLOW3D models
to estimate vortex-induced velocities and bed evolution. The results
indicated that the bed evolution is better predicted using the FLOW3D
numerical model.

Based on the literature discussed above, it can be observed that
experimental approaches are often favored to examine the scour phe-
nomenon around the submerged pile due to their ability to replicate
real-world circumstances closely. However, numerical modelling can
provide an accurate and cost-effective means to supplement experi-
mental studies. Therefore, the main objective of the present research is
to examine the normalized equilibrium scour depth (S/D) around sub-
merged square piles in wave-current flows with varying KC, Uy, and h./
D parameters. This work is the first to examine scour processes around
submerged square piles in wave-current flows using a three-dimensional
semi-coupled model. A semi-coupled model solves the flow hydrody-
namics and sediment transport separately, as detailed in the following
section.

2. Numerical model

The scour around the submerged square pile was examined using a
unique three-dimensional numerical model that includes wave-current
flows. This study utilizes the open-source computational fluid Dy-
namics (CFD) model REEF3D to simulate submerged pile scour in wave-
current flows. The present model is a three-phase, semi-coupled model
with great potential for capturing the free surface interface. The REEF3D
algorithm solves the continuity equation and the incompressible
Reynolds-averaged Navier-Stokes (RANS) equations to determine the
pressure and velocity terms. The continuity and RANS equations are
given in Egs. (5) and (6).

an
oU; aU; 1 oP 0 oU;  dy;
E+Uja—x'j_ ;a—xl+a—x] |:(D+1)[)(a—xj+a—xi>:| + & (6)

where U denotes the ensemble average velocity over time t. P is the
pressure, g is the gravitational acceleration, which is a specific case of
volumetric forces, v denotes the kinematic viscosity and v; denotes the
turbulent eddy viscosity, respectively.

The present investigation employs the k- turbulence model (Wilcox,
1994) to capture the turbulence flow hydrodynamics. The k-w turbu-
lence method resolves the partial differential equations involving two
variables: the turbulent kinetic energy (k) and the turbulent dissipation
(w), which establishes the turbulence’s scale. Using k and w, one can

Ocean Engineering 314 (2024) 119766

determine the turbulent eddy viscosity (v). The turbulent kinetic energy
(k) and specific turbulent dissipation (@) formulation are given in Egs.
(7) and (8).

ok ok 0 v\ ok

_at + Uj—axj = _an |:<I./ + O'_k) —axj:| + Pk - ﬁkkw (7)
ow dw 0 v\ dw] o 5

ait + ujiaxj = axj <1_/ + 0w> 0xj:| + % aPk ﬂw (8)

where a = 5/9, = 3/40, px = 9/100, ox = 2, and ¢, = 2 are the co-
efficients, and the turbulent production rate (Px) can be calculated using
Eq. (9).

ou; {0ui 6u]}

o |ox o ©

P=v
k=5 ox;  0x;

The equation takes into consideration the limited value of the eddy
viscosity v;. It prevents excessive turbulence formation in flow that is too
stressed outside of the boundary layer (Durbin, 2009). As a result, the
hydrodynamic model’s minimal eddy viscosity value is determined
using Eq. (10).

. [k /2 k
v[m1n<w7\/; Ss) (10)

Further, the numerical error in the formulation may result from
overproduction of magnitude of shear strain (S;) at the water-air inter-
face, which would create unrealistically high turbulence across the
interface, even if damping is unavoidable in wave-current flows. To
address this challenge, the formulation proposed by Naot and Rodi
(1982) is utilized in the numerical model.

The projection model (Chorin, 1968) is utilized to model the pressure
gradient in the RANS equation. This model necessitates an explicit time
treatment of the RANS equation in the case of incompressible flow. The
Fully Parallelized Jacobi-Preconditioned BiCGStab solver (Van Der
Vorst, 1992) is employed for solving the Poisson equation. The
convective term U; of the RANS equation is discretized within a con-
servative finite difference method using the 5th-order Weighted Essen-
tially Non-Oscillatory (WENO) scheme (Jiang and Shu, 1996). To
improve temporal accuracy, the 3rd order Total Variation Diminishing
(TVD) Runge-Kutta scheme (Shu and Gottlieb, 1998) is employed for
time discretization. The TVD features implemented adaptive time step-
ping to ensure numerical stability for Courant-Friedrichs-Lewy (CFL)
numbers less than 1. In CFD modelling, the Courant-Friedrichs-Lewy
(CFL) condition is a stability criterion used for solving the partial dif-
ferential equations, especially for problems involving advection and
wave propagation. It can be represented as given in Eq. (11).

At
crL="2 o1 an
Ax

where u is the characteristic velocity of the flow, At is the time step size,
and Ax is the spatial grid size.

In combined wave-current flow, both wave and current components
contribute to the overall flow velocity. Therefore, the CFL criterion en-
sures that the numerical time step is small enough to accurately resolve
both the wave-induced and current-induced motions without causing
numerical instabilities. In the present study, the CFL criterion was fixed
equal to 0.1 to maintain numerical stability while capturing the complex
wave-current interactions and critical flow features such as vortex
shedding, scour development, and flow separation, which are important
for accurately predicting the scour depth around the submerged pile.
This balance between numerical accuracy and computational efficiency
was crucial for obtaining reliable numerical results.

The present numerical model utilizes the Level set method (LSM)
developed by Osher and Sethian (1988) to compute the free surface
realistically and analyze the two-phase interface motion in three
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dimensions. The LSM is employed to simulate the sediment-water and
water-air interface. The smooth signed distance function utilizes a
zero-level set to depict the bed surface’s evolution accurately. The level
set function provides the closest distance to the interface at each posi-
tion. However, different signs are used to demonstrate the distinct
model’s phases. The LSM has the advantage of eliminating numerical
instability and differentiating fluid interface. The REEF3D code employs
a ghost cell immersed boundary approach for dealing with complex
geometry on a Cartesian grid. The ghost cell is a specific type of
immersed boundary approach capable of treating arbitrary submerged
bodies on cartesian grids (Mingham and Causon, 2000). The immersed
boundary is regarded as a sharp interface in the ghost cell approach. In
the governing equation, discrete forces are explicitly excluded. It
explicitly excludes the discrete forces from the governing equation.

Consequently, its integration with the existing solver is complicated.
The REEF3D code decomposes the numerical domain through the uti-
lization of parallel processing. To facilitate communication across
distinct domains, the ghost cell technique is implemented, with each
domain being subdivided into smaller domains.

2.1. Sediment transport modeling

Sediment transport is highly influenced by the bed shear stress,
which can be calculated using turbulent viscosity. The bed shear stress
formulation is essential for predicting the sediment transport by deter-
mining the initiation and rates of sediment movement (Dutta et al.,
2023). Therefore, Dey (2014) formulation was used to calculate bed
shear stress with turbulent viscosity, given in Eq. (12).

au
T= —p(vt—s—u)g 12)

Engelund and Fredsoe (1976) formulation is utilized to calculate
bedload sediment transport rates, as shown in Eq. (13).

4 =0; 7 <71

qy; = 18.74 (T* - T“) (1*0'5 - 0.71';3'5); T> T, 13)
T.. = 71'[‘1'
o (ps = pgdso

where p is the density of sediment particles, p is water density, g; ; is the
bed load transport rate, dso is the diameter of the median sediment
particle, 7_; is the non-dimensional critical shear stress and the subscript
i refers to the time step iteration in the numerical scheme.

The suspended sediment load transport is calculated using the van
Rijn (1984) equation, which is provided in Eq. (14).

dc dc dc 0 dc
U g (T e

Here w; denotes the terminal fall velocity, c denotes the concentration of
suspended load I" denotes the coefficient of diffusion, which is equal to
eddy viscosity. The solution of the convection-diffusion equation is
based on the near-bed sediment concentration (cp) and the free surface’s
zero vertical sediment flux. The concentration of sediment (cp) near the
bed is calculated using van Rijn (1984) formulation, shown in Eq. (15).

1.5
0=0015% <1%> as)

where a denotes the suspended sediment load reference level, which is
equal to equivalent bed roughness, and D* represents the particle
diameter, computed using Eq. (16).

B 1/3
D. = dso [(s ”g] 16)

12
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In addition, the critical bed shear stress (7,) on the horizontal bed slope
is determined utilizing the Shields diagram. The topography of the
seabed changes into longitudinal and transversely sloping beds when the
scour process initiates. As a result, the influence of a sloping bed is a
crucial factor in the computation of the reduced critical bed shear stress
(z¢), since it contributes to the sediment incipient motion. Therefore, a
reduction factor (r) is introduced to derive the reduced critical shear
stress, which is multiplied by the flatbed critical shear stress (z,), as
specified in Eq. (17).

T. =T XT, a7)

To determine this reduction factor (r), Dey (2003) analytical
formulation is used in the present numerical model, given in Eq. (18).

1
(l—ntanq))tanq;{_<

= sin 6+ 5 tan? g/ cos? 6 — sin® a)
18

2
+{(sin0+ntan2(p cosza—sinza) }

where 7 represents the ratio of the drag force to the inertia force.

The sand-slide technique was utilized to prevent excess sediment
transport downstream, as the bed slope becomes greater than the angle
of repose (¢) (Burkow and Griebel, 2016). Additionally, a —2% slope
adjustment was implemented to further stabilize the sediment bed, as
recommended by Roulund et al. (2005). This combination effectively
reduces the bed slope gradient, minimizing sediment movement and
maintaining sediment stability. A more in-depth discussion of the nu-
merical model can be found in Kumar and Afzal (2023).

2.2. Numerical model setup

The numerical wave tank (NWT) is an economical and time-efficient
substitute for physical modeling when examining combined wave-
current flows. Waves are produced at the inlet of a confined domain
and absorbed at the other extremity in NWT simulations. To maintain
accurate wave hydrodynamics and sediment transport, generating
waves at the inlet and eliminating wave reflection at the absorption end
is critical. Therefore, the relaxation method (Jacobsen et al., 2011) is
utilized to generate waves in the present NWT, while the Active Wave
Absorption (AWA) method is implemented to mitigate wave reflection.
In conjunction with the Dirichlet boundary condition, second-order
Stokes waves simulate oscillatory and combined wave-current flows at
the NWT inlet. Unlike traditional NWT used for experimental condi-
tions, which necessitate significant resource allocation and time con-
sumption, the present study opts for a truncated or reduced-size NWT
that serves as a practical substitute for a full-sized tank, providing ac-
curate and reliable results for scour in coastal environments (Afzal et al.,
2020; Gautam et al., 2021).

2.3. Numerical model validation

The present study utilizes the sediment transport module of REEF3D
to simulate submerged pile scour in wave-current flow. Nevertheless, it
is imperative to validate the numerical model to ensure an accurate
estimation of equilibrium scour depth (S) around submerged square
piles in various flow scenarios. The validation procedure assesses the
model’s reliability and performance under these specific conditions. In
steady current, the numerical model results were validated against the
experimental data of Khosronejad et al. (2012) for an unsubmerged
square pile and Du et al. (2022a) for a submerged square pile. In
wave-only conditions, the numerical simulation results were validated
using the temporal development of scour around a square pile (Sumer
et al., 1993) and a circular pile (Dogan, 2021) due to the lack of
experimental studies on submerged square pile scour. Further, the
validation of the numerical model against experimental data from Du
et al. (2022b) was conducted for the scour around submerged square
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piles in wave-current flow. In addition, the present study has performed
supplementary validation of circular pile scour in wave-current flow
against Lyu et al. (2021), along with a grid convergence study. The
experimental parameters employed in the numerical simulations for the
validation are presented in Table 1.

2.3.1. Steady current

In steady current, Khosronejad et al. (2012) performed an experi-
mental investigation of square pile scour using an edge length of 16.51
cm. The square pier was made from rigid, hydraulically smooth material
to minimize surface friction effects. The pier was placed vertically along
the centerline of a mobile-bed rectangular flume, measuring 10 m in
length, 1.21 m in width, and 45 c¢m in depth, with a 20 cm deep layer of
uniformly graded, non-cohesive fine sand of dsp equals to 0.85 mm on
the bed. The flow water depth was fixed to 0.139 m with the mean
inflow velocity of 0.22 m/s, corresponding to a Reynolds number of 30,
580. The setup maintained clear-water scour conditions with a steady
inflow rate and free-flow outlet to avoid backwater effects. Further, they
validated their experimental results using the curvilinear immersed
boundary (FSI-CURVIB) method. The hydrodynamic model employs a
second-order accurate fractional step method to solve the unsteady
Reynolds-averaged Navier-Stokes (URANS) equations, coupled with the
k- turbulence model. The computational domain was discretized using
a Cartesian grid with unstructured triangular mesh for accurate repre-
sentation of the structure and sediment/water interface. The flume
boundaries were set to a no-slip condition at the walls, while a
free-surface boundary was maintained at the water-air interface to allow
a free surface flow. The bed erosion is modeled by solving the sediment
continuity equation in the bed-load layer using a second-order accurate
unstructured finite-volume formulation, which includes a sand-slide and
bed-slope-limiting algorithm. Further, the present numerical model
replicates both the experimental setup and flow conditions of Khosro-
nejad et al. (2012) and validates its results with their findings on the
temporal variation of square pile scour, as shown in Fig. 2.

The experimental results obtained by Khosronejad et al. (2012) for
square pile scour (T =1 h) are indicated by red discrete points, while the
blue line shows the numerical simulation results. The measured equi-
librium scour depth (S) in the numerical simulation was 8 cm, which is
consistent with the experimental measurement of 7.72 cm. Additionally,
the numerical simulation findings by Khosronejad et al. (2012) are
compared with the experimental results. The numerical models of
Khosronejad et al. (2012) underestimate the results of the temporal
variation of scour. However, the present numerical model outperforms
Khosronejad et al. (2012) in predicting equilibrium scour depth and
exhibits good agreement with the experimental temporal variation of
scour at the square pile. The difference between the present simulation
and the numerical results of Khosronejad et al. (2012) could be attrib-
uted to the estimation of the critical Shields parameter for sediment
particle initiation, which was not provided in their study. The absence of
this parameter in Khosronejad et al. (2012) numerical simulation results
in discrepancies between their simulation and the experimental results
(Bordbar et al., 2021). To address this, the present numerical study
estimated the critical Shields parameter using the equation proposed by
(Soulsby and Whitehouse, 1997) and applied it in the numerical simu-
lations. This approach resulted in a good agreement with the
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experimental results of Khosronejad et al. (2012).

Based on statistical metrics provided by Sen et al. (2022), the
developed numerical model significantly outperforms the Khosronejad
et al. (2012) numerical model in predicting the temporal development of
scour with steady current. The developed CFD model shows a stronger
correlation between predicted and experimental values, with a coeffi-
cient of determination (R?) of 0.983, compared to 0.932 for the Khos-
ronejad et al. (2012) model. It also demonstrates near-perfect
agreement, with an index of agreement (Willmott, 1981) of 0.994,
compared to 0.86 for the Khosronejad et al. (2012) model. Additionally,
the developed CFD model has a much lower root mean square error
(RMSE) of 0.022, compared to 0.088 for the Khosronejad et al. (2012)
model, indicating higher accuracy. The Nash-Sutcliffe model efficiency
coefficient (NSE) for the developed CFD model is 0.976, further high-
lighting its superior predictive power compared to the Khosronejad et al.
(2012) model.

Similarly, the experimental results of Du et al. (2022a) has been
utilized to validate the present numerical model. They have performed
an experimental study using a submerged square pile in a flume of 60 m
long, 1.2 m wide, and 1.5 m deep. A uniform sand bed of depth 0.2m
with median sediment size (dsg) of 0.65 mm was used. A square pile
model of 10 cm width was placed in the centre of the flume. The sub-
mergence ratio (h./D) was kept fixed to 2. They have kept the flow depth
of 0.5 m with a flow velocity of 0.176 m/s. The Froude number and
Reynolds number are calculated to be 0.0794 and 88000, respectively.
Similarly a reduced size numerical wave tank of dimension 6 m x 1.2 m
x 1.5 m is utilized to replicate the flow characteristics in the present
study. To validate the present numerical model, the results were
compared with the experimental data on the temporal variation of
submerged square pile scour from Du et al. (2022a) shown in Fig. 3.

The experimental results obtained by Du et al. (2022a) for sub-
merged square pile scour (T = 9 h) are represented by red discrete cir-
cles, while the blue line plot shows the numerical simulation results. The
equilibrium scour depth in the numerical simulation was found to be 2.2
cm, which is in good agreement with the 2.17 cm experimental result.
Similarly, the numerical results of the temporal variation of the sub-
merged square pile scour pattern closely match the experimental find-
ings of Du et al. (2022a). Based on the statistical performance metrics,
the present numerical model shows good agreement with the experi-
mental results of Du et al. (2022a) for the prediction of temporal scour
depth around the submerged square pile in a steady current. It has an R?
value of 0.882, showing a strong correlation between predicted and
experimental values. The index of agreement and RMSE were observed
0.955 and 0.029, respectively, which represents better reliability and
good accuracy of numerical model. The NSE value of 0.846 highlights
the model’s strong predictive power in submerged conditions.

2.3.2. Wave only

In wave-only conditions, the numerical simulation results were
validated using the temporal development of scour around a square pile
(Sumer et al., 1993) and a circular pile (Dogan, 2021) due to the lack of
experimental studies on submerged square pile scour. Sumer et al.
(1993) performed an experimental study on scour around the square
piles in wave-only conditions. They have performed their experiments in
arectangular wave flume of 26.5 m x 0.6 m x 0.8 m. A uniform sand bed

Table 1

Experimental conditions for the validation of the numerical model.
Cases D (m) dso (mm) H (m) Ty (s) U, (m/s) U. (m/s) Uew KC S/D
Current-only (Fig. 2) (Khosronejad et al., 2012) 0.16 0.85 - - - 0.22 1 - 0.47
Current-only (Fig. 3) (Du et al., 2022a), Run 3 0.1 0.65 - - - 0.176 1 - 0.22
Wave only (Fig. 4) (Sumer et al., 1993),Run 9 0.02 0.18 0.14 1.4 0.31 - 0 22 0.35
Wave only (Fig. 5) (Dogan, 2021), Run 44 0.2 1.85 0.2 2.7 0.375 - 0 5.1 0.06
Wave-current (Fig. 6) (Du et al., 2022b), Run 2 0.1 0.18 0.11 1.6 0.178 0.221 0.55 2.9 0.68
Wave-current (Fig. 7) (Lyu et al., 2021), Run 3 0.16 0.22 0.09 1 0.131 0.22 0.63 0.8 0.40




L. Kumar et al.

of 0.2 m depth with median sediment size (dsp) of 0.18 mm was used. A
square pile model of 20 mm width was placed in the centre of the flume.
The flow water depth was maintained constant at 40 cm, and the wave
orbital velocity was considered 0.31 m/s. In their experiments, the wave
period and wave height were 1.4 s and 10 cm, respectively. The Froude
number and Reynolds number are calculated to be 0.156 and 12400,
respectively. Similarly, a reduced size numerical wave tank (6 m x 0.6 m
x 0.8 m) is utilized to replicate the flow characteristics in the present
study. To validate the present numerical model, the results were
compared with the experimental data on the temporal variation of
submerged square pile scour from Sumer et al. (1993), shown in Fig. 4.

In the numerical simulation, the observed equilibrium scour depth
was 8 mm, closely aligning with the experimental observation of 7 mm.
Similarly, the numerical results of the temporal development of the
square pile scour pattern closely match the experimental findings re-
ported by Sumer et al. (1993). Based on the statistical comparison
metrics, the developed numerical model has a moderate performance in
predicting the temporal development of scour in wave-only conditions.
The numerical model shows a R? value of 0.753, which indicates a
reasonable correlation between the predicted and experimental values
of Sumer et al. (1993). Further, the index of agreement and RMSE were
0.909 and 0.062, respectively, which shows good reliability and a higher
average deviation from the experimental values. The NSE is 0.554,
indicating moderate predictive power. The developed numerical model
shows fairly accurate results in predicting temporal scour depth.

Further, the experimental results of Dogan (2021) have been utilized
to validate the present numerical model in wave-only conditions. Dogan
(2021) performed an experimental study on wave-induced scour around
a large pile. Dogan (2021) utilized a rectangular wave channel of 33 m
x 3.6 m x 1.2 m to conduct scour experiments. A uniform sand bed of
0.17 m depth with median sediment size (dsp) of 1.85 mm was used. A
circular pile model of 20 cm diameter was placed in the centre of the
flume. The flow water depth was maintained constant at 55 cm, and the
wave orbital velocity was considered 0.375 m/s. The waves are gener-
ated with a wave period of 2.7 s and a wave height of 20 cm. The wave
induced Froude number and Reynolds number are calculated to be
0.161 and 20,625, respectively. Similarly, a reduced size numerical
wave tank (6 m x 3.6 m x 1.2 m) is utilized to replicate the flow
characteristics in the present study. To validate the present numerical
model, the results were compared with the experimental data on the
temporal variation of submerged square pile scour from Dogan (2021),
shown in Fig. 5.

The numerical simulations were performed for only 30 min, as the
experimental findings indicated that the scour reached equilibrium
within this time frame, thereby reducing the computational cost. In
numerical simulation, the observed equilibrium scour depth was 12.8
mm, which is in good agreement with the experimental observation of
12.7 mm. The present model results of the temporal variation of the
square pile scour pattern closely matched the experimental observations
of Dogan (2021). However, a slight temporal variation is evident in the
numerical results, indicating discernible patterns of erosion and depo-
sition. The present developed model shows excellent performance in
predicting the temporal development of scour in wave-only conditions
for a circular pile. It has a very high R? value of 0.963, indicating a
strong correlation between predicted and experimental data of Dogan
(2021). The numerical model predicts temporal development of scour
with index of agreement value of 0.984, which represents almost perfect
agreement. The RMSE was observed very low at 0.005, which suggests
that the model’s predictions are extremely accurate. Further, the NSE is
0.938, highlighting its strong predictive power. These metrics collec-
tively indicate that the developed model is highly reliable and accurate
for modeling scour development in these conditions.

2.3.3. Combined waves and current flow
In combined wave-current conditions, the numerical simulation re-
sults were validated using the temporal development of scour around a
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submerged square pile (Du et al., 2022b) and a circular pile (Lyu et al.,
2021). Du et al. (2022b) performed an experimental study on scour
around the submerged square piles in combined wave-current condi-
tions. They have performed an experimental study using a submerged
square pile in a flume of 60 m x 1.2 m x 1.5 m. A uniform sand bed of
0.2 m depth with median sediment size (dsg) of 0.18 mm was used. A
square pile model of 0.1 m diameter was placed in the centre of the
flume. The submergence ratio (h./D) was kept fixed, equal to 1. The flow
water depth was maintained constant at 50 cm, and the current velocity
was considered 0.221 m/s. In their experiment, the wave period was 1.6
s, and the wave height was 0.11 m. The Froude number and Reynolds
number are calculated to be 0.080 and 89000, respectively. Similarly, a
reduced size numerical wave tank (6 m x 1.2 m x 1.5 m) is utilized to
replicate the flow characteristics in the present study. To validate the
present numerical model, the results were compared with the experi-
mental data on the temporal variation of submerged square pile scour
from Du et al. (2022b), shown in Fig. 6. The measured equilibrium scour
depth in the numerical simulation was 6.71 cm, which was in good
agreement with the 6.8 cm experimental result. The numerical results
for temporal variation of the submerged square pile scour pattern closely
align with the experimental findings of Du et al. (2022b) during the
initial and equilibrium phases. However, a slight over prediction is
noticeable in the numerical results during the initial phase of scour.

The presently developed CFD model shows excellent performance in
predicting the temporal development of scour around a submerged
square pile in combined wave-current flow. The developed numerical
model’s predicts temporal development of scour with a R? value of
0.956, which indicates a very strong correlation between the predicted
and experimental data of Du et al. (2022b). The model shows an index of
agreement of 0.987, which represents the model’s predictions align
perfectly with the experimental findings. The RMSE was found 0.056,
which is quite low, suggesting that the model’s predictions are very
accurate. Further, the high NSE value of 0.944 reflects the model’s
ability to accurately reproduce the observed scour development.

Further, the experimental results of Lyu et al. (2021) have been
utilized to validate the present numerical model for pile scour in com-
bined wave-current flow. They have performed an experimental study
using emergent circular monopile in a flume of 45m x 0.8 mx1.0m. A
uniform sand bed of 0.6 m depth with median sediment size (dsp) of
0.22 mm was used. A circular monopile model of 0.16 m diameter was
placed in the centre of the flume. The flow water depth was maintained
constant at 0.4 m, and the current velocity was considered 0.22 m/s. In
their experiments, the wave period and wave height were 1 s and 9 cm,
respectively. The Froude number and Reynolds number are calculated to
be 0.111 and 88000, respectively. Similarly, a reduced size numerical
wave tank of 6 m x 0.8 m x 1.0 m is utilized to replicate the flow
characteristics of Lyu et al. (2021) in the present study. The numerical
model findings of pile scour with the experimental results of Lyu et al.
(2021) are shown in Fig. 7. Further, a comprehensive grid convergence
study has been conducted to evaluate how the size of the computational
grid impacts the accuracy and reliability of numerical simulations. This
analysis is important to ensure the accuracy and robustness of the nu-
merical results.

A grid convergence study was carried out using various uniform grid
sizes in all the directions of 5, 4, 3, 2, and 1.5 cm. The coarser grids of 5
cm and 4 cm exhibited significant deviations from the experimental
data. A grid convergence study was carried out using various uniform
grid sizes (dx) of 5, 4, 3, 2, and 1.5 cm. The coarser grids of 5 cm and 4
cm exhibited significant deviations from the experimental data. How-
ever, when the grid size was reduced to 3 cm, the model’s performance
showed marked improvement, and a further reduction to 2 cm brought
the results into even closer alignment with the experimental findings of
Lyu et al. (2021). A finer grid size of 1.5 cm shows slight lesser values of
temporal development of scour in comparison to observed values, which
may be due to numerical instabilities that occurs when the time step is
not sufficiently reduced, leading to incorrect results or failed
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convergence. In a numerical computation round-off errors are also
introduced at every stage of computation. These round-off errors
become more pronounced with smaller grid sizes as the finite precision
of computer arithmetic accumulates, diminishing result accuracy. It can
be observed that the reduction in grid size from the optimum level does
not significantly improve accuracy. Based on these findings, the 2 cm
grid size was selected for the numerical model to analyze the pile scour
process under the combined influence of waves and currents. Based on
these findings, the 2 cm grid size was selected for the numerical model to
analyze the pile scour process under the combined influence of waves
and currents.

The developed numerical model is highly effective in predicting the
temporal development of scour around circular piles in combined wave-
current flows. The numerical model provides R? value of 0.991 and an
index of agreement of 0.995, which shows an excellent fit to experi-
mental data of Lyu et al. (2021). The RMSE value of 0.014 means that the
average prediction error is very small, and the NSE of 0.981 suggests that
the model’s predictions are very close to the observed scour depths.
These metrics suggest that the developed CFD model is a reliable tool for
predicting scour development, making it useful for both research and
practical applications in coastal and marine engineering.

3. Results and discussion

The validated CFD model is utilized to analyze the submerged pile
scour with varying submergence ratios (h./D), where h, is the height of
the square pile above the bed. The consideration of submergence ratios
(he/D) is primarily motivated by the findings of Zhao et al. (2010), in
which no scour was observed for h./D < 0.5, attributed to the lack of
vortex shedding, and the scour depth becomes independent of h, for
h./D > 2 in a steady flow. The absolute pile height (h) significantly
affects the scour depth formation around the pile in wave-current flow.
However, the normalization of pile height to the diameter facilitates the
understanding of hydrodynamic similarity and scaling effects. This
method provides a generalizable and robust framework for analyzing
scour around submerged piles. Therefore, the present numerical study is
performed for four h./D values of 0.5, 1, 1.5, and 2 and three different
KC numbers of 5, 12, and 18. In this context, KC = 5 indicates the flow
regime where no vortex shedding was observed. At the same time, KC =
12 and 18 represent the flow regimes where vortex shedding governs the
scour phenomena for an unsubmerged square pile, as Sumer et al.
(1993) suggested.

Throughout all the numerical tests, the water depth was maintained
at 0.3 m. All the numerical simulations are performed using the wave-
length (L) = 8.78 m. The wave parameters such as wave height (H),
wave period (T), and wavelength are kept constant for each KC number,
and the current velocity (U,) is varied to obtain different U, values. In
the present study, the U, parameters were systematically varied to
maintain a fixed KC number. The variations included (a) Uy, = 0, rep-
resenting waves alone; (b) U, = 0.2, indicating waves combined with
weak currents; (¢) Uy, = 0.4, indicating waves combined with mild
currents; and (d) Uy, = 0.6, indicating waves combined with strong
currents. The uniform median sediment grain size (dsp) of 0.18 mm was
used for all the numerical tests. The critical Shields parameter (6,,) was
kept constant at 0.047 in all the numerical simulations. In combined
wave-current flow, the Ursell number plays a significant role in deter-
mining the appropriate wave theory. The Ursell number (U,) is a
dimensionless parameter used to identify the most applicable wave
theory based on the wave characteristics. The Ursell number is defined
as given in Eq. (14).

_HI?

U=

(14)

where H represents the wave height, L is the wavelength, and h denotes
the water depth.
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According to Hedges (1995), fifth-order Stokes theory is applicable
for U, < 40, while fifth-order Cnoidal wave theory is preferable for
higher values of the Ursell number (U,). In the present study, the Ursell
number varies between 78 and 133. Therefore, Cnoidal wave theory is
applicable for all the numerical simulations. To simulate scour mecha-
nism around the submerged square pile, an NWT of dimensions 5 m
length, 1 m width, and 0.8 m depth is utilized. Using the relaxation
approach at the inlet of NWT, waves can be generated within the NWTs
(Jacobsen et al., 2011). Additionally, the Active Wave Absorption
(AWA) technique is adopted at the NWT outlet to prevent wave reflec-
tion (Dutta et al., 2023). To simulate combined wave-current condition
in NWT, Dirichlet boundary condition is applied at the inlet. The top
surface of the NWT is considered as free surface and the no slip condition
is applied at the sediment bed. The three dimensional computational
domain of the NWT is shown in Fig. 8.

A total of 48 numerical simulations were performed to examine the
submerged pile scour in wave-current flows. All the simulations achieve
the equilibrium scour depth within 3600 s, denoted as T,. A summary of
the hydraulic and wave parameters employed in the numerical simula-
tions is presented in (Table 2a, 2b, 2c, 2d).

3.1. Bed topography contours

Bed topography contours, serving as visual representations of
changes in the bed elevation, are instrumental in unraveling the in-
tricacies of scour phenomena. The study discusses the scour pattern
around the submerged square pile for various h./D and U, parameters
for a fixed KC = 5, 12, and 20.

Fig. 9 shows the bed topography contours around the submerged
square pile for various h./D and U, parameters for a fixed KC = 5. In
Fig. 9, the variation of h./D is shown from top to bottom (column-wise),
indicating the value between 0.5 and 2, and the variation of Ucw is
shown from left to right (row-wise), indicating the value between 0 and
0.6. The blue regions have negative values, denoting scour, while the red
area indicates positive values, signifying sediment deposition around the
submerged square pile. A symmetric scour at the upstream and depo-
sition pattern at the downstream edges of the submerged square pile are
observed, respectively. In wave-only conditions (U, = 0), when h./D is
equal to 0.5 (Fig. 9(a)), the minimum scour depth is observed at the
upstream edges, and deposition begins just after the scour hole,
extending to the downstream edges of the submerged square pile. The
more significant scour depth formation was observed around the up-
stream corners of the submerged square pile compared to the upstream
center (stagnation point). This implies that flow accelerations at the
upstream corners had a more significant impact on local scour than the
HSV in front of the pile, as indicated by Zhao et al. (2012).

Further, the increase in h./D value increases the scour hole in all the

Fig. 8. The three-dimensional computational domain of NWT.
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Table 2a

Numerical simulation results for submerged square pile (h./D = 2).
SL no. D (m) hc/D H@m) T (s) U,, (m/s) U. (m/s) Uew Frq KC U, S/D
1 0.14 2 0.065 4.5 0.156 0 0.0 0.085 5 78.29 0.0113
2 0.14 2 0.065 45 0.156 0.039 0.2 0.118 5 78.29 0.0168
3 0.14 2 0.065 45 0.156 0.104 0.4 0.173 5 78.29 0.0760
4 0.14 2 0.065 4.5 0.156 0.234 0.6 0.284 5 78.29 0.1776
5 0.10 2 0.111 45 0.267 0 0.0 0.172 12 133.70 0.1323
6 0.10 2 0.111 4.5 0.267 0.067 0.2 0.239 12 133.70 0.1748
7 0.10 2 0.111 45 0.267 0.178 0.4 0.351 12 133.70 0.1860
8 0.10 2 0.111 4.5 0.267 0.400 0.6 0.575 12 133.70 0.2695
9 0.06 2 0.1 45 0.240 0 0.0 0.199 18 120.45 0.2015
10 0.06 2 0.1 4.5 0.240 0.060 0.2 0.277 18 120.45 0.2249
11 0.06 2 0.1 4.5 0.240 0.160 0.4 0.408 18 120.45 0.2324
12 0.06 2 0.1 45 0.240 0.360 0.6 0.668 18 120.45 0.2852

Table 2b

Numerical simulation results for submerged square pile scour (h./D = 1.5).
Sl. no. D (m) he/D H@m) T (s) U, (m/s) U. (m/s) Uew Fr, KC U, S/D
1 0.14 1.5 0.065 4.5 0.156 0 0.0 0.085 5 78.29 0.0094
2 0.14 1.5 0.065 4.5 0.156 0.039 0.2 0.118 5 78.29 0.0126
3 0.14 1.5 0.065 4.5 0.156 0.104 0.4 0.173 5 78.29 0.0665
4 0.14 1.5 0.065 45 0.156 0.234 0.6 0.284 5 78.29 0.1515
5 0.10 1.5 0.111 4.5 0.267 0 0.0 0.172 12 133.70 0.1316
6 0.10 1.5 0.111 4.5 0.267 0.067 0.2 0.239 12 133.70 0.1595
7 0.10 1.5 0.111 4.5 0.267 0.178 0.4 0.351 12 133.70 0.1773
8 0.10 1.5 0.111 45 0.267 0.400 0.6 0.575 12 133.70 0.2191
9 0.06 1.5 0.1 4.5 0.240 0 0.0 0.199 18 120.45 0.1789
10 0.06 1.5 0.1 4.5 0.240 0.060 0.2 0.277 18 120.45 0.2114
11 0.06 1.5 0.1 4.5 0.240 0.160 0.4 0.408 18 120.45 0.2262
12 0.06 1.5 0.1 4.5 0.240 0.360 0.6 0.668 18 120.45 0.2415

Table 2¢

Numerical simulation results for submerged square pile scour (h.,/D = 1).
Sl. no. D (m) he/D H@m) T (s) U, (m/s) U. (m/s) Uew Fr, KC U, S/D
1 0.14 1 0.065 4.5 0.156 0 0.0 0.085 5 78.29 0.0047
2 0.14 1 0.065 4.5 0.156 0.039 0.2 0.118 5 78.29 0.0070
3 0.14 1 0.065 4.5 0.156 0.104 0.4 0.173 5 78.29 0.0484
4 0.14 1 0.065 45 0.156 0.234 0.6 0.284 5 78.29 0.1188
5 0.10 1 0.111 4.5 0.267 0 0.0 0.172 12 133.70 0.1091
6 0.10 1 0.111 4.5 0.267 0.067 0.2 0.239 12 133.70 0.1291
7 0.10 1 0.111 45 0.267 0.178 0.4 0.351 12 133.70 0.1584
8 0.10 1 0.111 4.5 0.267 0.400 0.6 0.575 12 133.70 0.1730
9 0.06 1 0.1 4.5 0.240 0 0.0 0.199 18 120.45 0.1183
10 0.06 1 0.1 45 0.240 0.060 0.2 0.277 18 120.45 0.1332
11 0.06 1 0.1 4.5 0.240 0.160 0.4 0.408 18 120.45 0.1596
12 0.06 1 0.1 4.5 0.240 0.360 0.6 0.668 18 120.45 0.1991

Table 2d

Numerical simulation results for submerged square pile scour (h./D = 0.5).
Sl. no. D (m) he/D H@m) T (s) U, (m/s) U. (m/s) Uew Fr, KC U, S/D
1 0.14 0.5 0.065 4.5 0.156 0 0.0 0.085 5 78.29 0.0013
2 0.14 0.5 0.065 4.5 0.156 0.039 0.2 0.118 5 78.29 0.0043
3 0.14 0.5 0.065 4.5 0.156 0.104 0.4 0.173 5 78.29 0.0320
4 0.14 0.5 0.065 4.5 0.156 0.234 0.6 0.284 5 78.29 0.0810
5 0.10 0.5 0.111 4.5 0.267 0 0.0 0.172 12 133.70 0.0204
6 0.10 0.5 0.111 4.5 0.267 0.067 0.2 0.239 12 133.70 0.0237
7 0.10 0.5 0.111 4.5 0.267 0.178 0.4 0.351 12 133.70 0.0933
8 0.10 0.5 0.111 4.5 0.267 0.400 0.6 0.575 12 133.70 0.1026
9 0.06 0.5 0.1 4.5 0.240 0 0.0 0.199 18 120.45 0.0580
10 0.06 0.5 0.1 4.5 0.240 0.060 0.2 0.277 18 120.45 0.1451
11 0.06 0.5 0.1 4.5 0.240 0.160 0.4 0.408 18 120.45 0.2135
12 0.06 0.5 0.1 4.5 0.240 0.360 0.6 0.668 18 120.45 0.2386

directions at the upstream edges of the submerged square pile in wave- attributed to the development of a larger and stronger HSV, as Dey et al.

only conditions (Fig. 9(e), (i), and (m)) and hence maximum scour depth (2008) reported. While investigating the influence of the submerged

is observed for h./D = 2 (Fig. 9(m)). This increase in scour depth around square pile, it is noteworthy that the pattern of scour and deposition

the submerged square pile with an increase in h.,/D value is mainly remains almost similar for all h./D values in wave-only conditions at KC
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(a) he/ D= 0.5,Uw=0 (b) he/ D= 0.5,Ucv= 0.2 (C) he/ D= 0.5,Ucwv=0.4 (d) he/ D= 0.5,Ucw= 0.6

(e) he/ D= 1 Uw=0 (f) he/ D= 1 Uew=0.2 (g) he/D= 1 U= 0.4 (h) he/ D= 1 Uew=

(1) he/ D= 15, Uew=0 (_]) he/ D= 15, Unw=10.2 (k) he/ D= 15, Uew=0.4 (1) hc/D=1.5, Uew=10.6

(m) he/ D= 2 Uew=10 (Il) he/ D= 2 Uw=0.2 (0) he/ D= 2 Uw=0.4 (p) he/ D= 2 Uew=

Fig. 9. Bed topography contours around the submerged square pile for various h./D and U, parameters for a fixed KC = 5.

= 5. When the waves are combined with weak currents (U, = 0.2), a the maximum scour depth is observed for h./D = 2 across all U, pa-
larger and wider scour depth formation is observed around the sub- rameters (Fig. 9(m), (n), (0), and (p)), for a fixed KC = 5, primarily due
merged square pile (Fig. 9(b)) compared to wave-only conditions for to the formation of more pronounced downflow and strong HSV.

h./D. = 0.5. The increased scour depth around a submerged square pile Fig. 10 represents the bed topography contours around the sub-
is primarily attributed to the introduction of an extra dynamic current merged square pile for various h./D and U,,, parameters for a fixed KC =
component. This additional current significantly influences sediment 12. A symmetric scour at the upstream and deposition pattern at the
transport and scour processes, enhancing flow pattern complexity and downstream edges of the submerged square pile are observed at KC =
resulting in a more extensive scour around the pile due to the interaction 12. In the wave-only conditions (U, = 0), when h./D is equal to 0.5
between waves and currents. Further, an increase in the h./D value (Fig. 10(a)), the minimum scour depth is observed at the upstream
(Fig. 9(f), (j), and (n)) leads to the development of larger and wider scour edges, and no deposition of sand is observed around the submerged
hole formations at the upstream edges of the submerged square pile, square pile. With the increase in the U, parameter, a gentle increase in
similar to U, = 0. The superimposition of waves over mild current (U, the scour hole at the upstream edges can be observed (Fig. 10(b-d)). In
= 0.4) increases the maximum scour depth and extends the scour hole the presence of waves combined with a strong current (U, = 0.6) at h./
reach around the submerged square pile (Fig. 9(c), (g), (k) and (0)) D=0.5 (Fig. 10(d)), sand deposition occurs upstream of the pile, while
compared to Uy, = 0 and 0.2 conditions. It can also be observed that the maximum scour hole is observed downstream of the pile. The
sand deposition extends its reach downstream of the submerged square deposition in front of the pile is attributed to reduced downflow and the
pile. Further, superimposition of waves over strong current (U, = 0.6) development of a weak HSV, primarily resulting from the lower height
results in the formation of larger and wider scour depths upstream of the of the cylinder. However, the occurrence of larger scour is primarily
submerged pile, accompanied by a lengthy, elongated deposition of sand attributed to the influence of a robust trailing vortex, which mitigates
in flow direction followed by the formation of wing scour hole down- the lateral wakes. According to Tafarojnoruz and Lauria (2020), these
stream of the submerged pile (Fig. 9(d), (h), () and (p)). Similar to lateral wakes are suppressed by reducing the upward velocity compo-
wave-alone conditions, the pattern of scour and deposition around the nent of the wake vortices created at the cylinder sidewalls in the top
submerged square pile remains nearly identical for all h./D values at KC section of the pile wake. Further, the increase in h./D value increases the
= 5 for a particular Uy, value in combined wave-current flows. Notably, scour hole at the upstream edges of the submerged square pile in the

10
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(a) he/ D= O.S,Ucw: 0

(e) he/ D= 1, Uev=0 (f) hc/Dzl, Uev=0.2

() h/D=1.5, Ue=0.2 (k) h/D=1.5, Ue=0.4 (1) h/D=1.5, Uen= 0.6

(i) he/D= 1.5, Uev=0

(m) he/ D= 2, Uew=0 (n) he/ D= 2, Uev=0.2

wave-only conditions and combined wave-current flows (Fig. 10(e-p).
This increase in scour depth around the submerged square pile with an
increase in h./D value is mainly attributed to the development of a larger
downflow and strong HSV, as Dey et al. (2008) reported.

Fig. 11 represents the bed topography contours around the sub-
merged square pile for various h./D and U,,, parameters for a fixed KC =
18. Similar to KC = 5 and 12, a symmetric scour at upstream and
deposition pattern at the downstream edges of the submerged square
pile is observed at KC = 18. In wave-only conditions (U, = 0), when h./
D is equal to 0.5 (Fig. 11(a)), the minimum scour depth is observed just
behind the submerged square pile, and deposition of sand is observed
upstream of the submerged square pile. With the increase in the U,
parameter, a gentle rise in the scour hole at the downstream center can
observed (Fig. 11(b-d)). In the presence of waves combined with a
strong current (U, = 0.6) at h,/D=0.5 (Fig. 11 (d)), significant sand
deposition occurs upstream of the pile, while the maximum scour hole is
observed downstream of the pile. The deposition in front of the pile in
the case of a smaller height (h,/D = 0.5) is attributed to the reduced
downflow velocities and the development of a weak HSV. However, the
occurrence of larger scour is attributed mainly to the influence of a
robust trailing vortex, which mitigates the lateral wakes similar to KC =
12. In wave-only conditions, the oscillatory motion creates a stagnation
zone in front of the pile, reducing flow velocity and leading to upstream
sediment accumulation. Further, the vortex shedding and flow reversal

(b) he/l D= 05,U0w=02 (C) he/ D= O.S,Ucw: 0.4 (d) hc/D=0.5,Ucw= 0.6
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(g) he/ D= 1, Uesw=0.4 (h) he/ D= 1, Uew=0.6

(p) he/D = 2, Uew= 0.6

Fig. 10. Bed topography contours around the submerged square pile for various h./D and U, parameters for a fixed KC = 12.

(O) h/ D= 2, Uew=0.4

enhance this deposition upstream of the submerged pile. In combined
wave-current conditions, the dominant wave forces weaken the cur-
rent’s effect, causing similar sediment accumulation upstream. How-
ever, for larger U, values, the current parameter dominates the flow,
leading to larger scour depth formation around the submerged pile. For
the wave-only condition at h./D =1 (Fig. 11 (e)), the deposition pattern
in front of the pile is almost similar to the wave-only condition at h,/D =
0.5. Further, the scour pattern is almost similar to h,/D = 0.5 in com-
bined wave-current conditions. At h.,/D = 1.5, initially, the upstream
edge scour holes can be observed in wave-only conditions (Fig. 11 (i)).
However, as the U,,, value increases, the deposition starts dominating at
the upstream edges of the pile, and finally, the larger deposition can be
observed at the upstream edges and scour in downstream of the pile in
case of Uyy = 0.6 (Fig. 11 (1)). An almost similar pattern of scour and
deposition can be observed in the case of h./D = 2.

The submergence ratio is an essential parameter that affects the bed
profiles due to the development of trailing vortices. A higher submer-
gence ratio, where the top surface of the pile is much closer to the water
surface, results in more stable flow patterns around the pile and poses
less impact on the bed surface. However, more complex flow patterns
and stronger asymmetrical trailing vortices are developed for lower
submergence ratios. These asymmetrical trailing vortices can affect the
shear stress and turbulence patterns around the pile (McKenna Neuman
et al., 2013). Therefore, these strong and asymmetric trailing vortices at
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(a) he/ D= 0.5,Uw=0 (b) hc/D:O.S,Ucw: 0.2 (C) ]’lc/DZO.S,Ucw: 0.4 (d) hc/D:O.S,Ucw: 0.6

(e) he/l D = I, Uw=0 (f) he/D = I, Uw=0.2 (g) he/D = I, Uw= (h) he/ D= 1 Uew=0.6

@) hd/D=1.5, Uew=0 () h/D=1.5, U= 0.2 (k) he/D=1.5, Uw=0.4 (1) he/D=1.5, Uew=0.6

(M) /D=2, Uew=0  (0) he/ D=2, Usw=102  (0) he/D=2, Uewy=0.4 (p) he/D=2, Uew=

Fig. 11. The bed topography contours around the submerged square pile for various h./D and U,, parameters for a fixed KC = 18.

lower submergence ratios lead to more pronounced and irregular scour and the flow reversal during the wave cycle further contribute to peri-
patterns. Further, the flow regimes also affect the sediment transport in odic deceleration, enhancing deposition. Similarly, in combined wave-
wave-only conditions. According to Sumer and Fredsge (2002), different current conditions, the interaction between the waves and the steady
flow regimes can be observed around the pile based on the KC number. current weakens the current’s influence, with wave forces becoming
They reported that the symmetrical tail eddies are formed downstream dominant, leading to similar upstream sediment accumulation. Addi-
of the pile for KC numbers between 2.8 and 4, whereas these eddies tionally, cyclic pressure gradients induced by waves push sediment to-
become asymmetrical for KC numbers between 4 and 6. For KC numbers ward the upstream face of the pile, and the suppression of current-
between 6 and 17, vortex shedding occurs on only one side of the pile induced scour in high KC regimes allows for greater deposition in the
per half cycle of the wave. For KC numbers between 17 and 23, alter- upstream region. These combined effects are responsible for the
nating vortex shedding patterns develop and spread to the rear side of observed sediment deposition in upstream of submerged square pile in
the pile. In the present study, the bed topography was examined for wave-only and combined wave-current conditions.

three different KC numbers 5, 12, and 18. An asymmetrical scour and
deposition patterns can be observed for KC = 5, which is mainly due to
the flow regime causing asymmetrical eddies for KC number equal to 5.
For KC = 12, one-sided vortex shedding further disrupts symmetry. For
KC = 18, alternating vortex shedding contributes to the complex and
asymmetrical patterns observed around the pile.

In both wave-only and combined wave-current conditions with
higher Keulegan-Carpenter (KC) numbers, such as 12 and 18, a sediment
deposition upstream of a submerged square pile can be observed. In
wave-only conditions, the oscillatory motion creates a stagnation zone in the equilibrium scouring stage, the scour depth either remains con-
in front of the pile where the flow velocity is significantly reduced, stant in clear-water scour conditions or exhibits a moderate fluctuation

limiting sediment transport and causing sand to settle upstream in the in live-bed scour conditions, as detailed by Melville and Chiew (1999).
case of higher KC numbers such as 12 and 18. Further, vortex shedding

3.2. Temporal variation of scour

The progression of maximum equilibrium scour depth around a pile
involves distinct stages, as Hong et al. (2012) described: initial scouring,
developing scouring, and equilibrium scouring. In the initial scouring
phase, scour depth is rapidly developed. Subsequently, the developing
scouring stage is characterized by a more prolonged duration, contin-
gent upon the prevailing clear-water or live-bed scour regimes. Finally,

Fig. 12 depicts the temporal variation of S/D at submerged square

12
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Fig. 12. Temporal variation of normalized scour depth (S/D) at different h./D for a fixed KC = 5.

piles under different U,,, and h./D parameters for KC = 5. At fixed h./
D=0.5 (Fig. 12(a)), the minimum and maximum values of S/D were
observed at U, = 0 and Uy, = 0.6, respectively. In wave-only conditions
(Uew = 0), the occurrence of minimum scour hole is mainly attributed to
the generation of smaller HSV around the submerged pile, as Gautam
et al. (2021) suggested. Further, the increase in the U, parameter in-
creases the scour depth around the submerged pile. This is mainly due to
the introduction of the dynamic current component in the combined
wave-current flow. This additional current significantly influences the
development of HSV, and thus, an increase in scour depth can be
observed in combined wave-current flows. Therefore, the maximum
scour depth can be observed for U, = 0.6 at h./D = 0.5. Further, the
temporal evolution of submerged pile scour was observed at h,/D = 1
(Fig. 12(b)), he/D = 1.5 (Fig. 12(c)) and he/D = 2 (Fig. 12(d)), while
maintaining a constant value of KC = 5. With the increase in h./D, the
rise in S/D value can be observed in Fig. 12. This increase in scour depth
around the submerged square pile with an increase in h./D value, is
mainly attributed to the development of a larger and stronger HSV, as
reported by Dey et al. (2008).

Fig. 13 depicts the temporal variation of S/D at submerged square
piles under different U, and h./D parameters for KC = 12. Similar to KC
=5, at fixed h,/D=0.5 (Fig. 13(a)), the minimum and maximum values
of S/D were observed at U, = 0 and Uy, = 0.6, respectively. It can be
observed that the increase in the U, parameter increases the S/D values
for a fixed value of h./D, which is mainly due to stronger HSV and lee-
wake vortex. The vortex shedding regulates the scour phenomena
when KC > 11 in unsubmerged square piles. However, in a submerged
square pile, the downstream vortex shedding is entirely suppressed by
the developed trailing vortex. Further, the temporal evolution of

13

submerged pile scour was observed at h,/D = 1 (Fig. 13(b)), h/D = 1.5
(Fig. 13(c)) and h,/D = 2 (Fig. 13(d)), while maintaining a constant
value of KC = 12. It can be observed that with an increase in h./D, the
scour depth also increases for fixed U, parameters, which is mainly due
to the development of larger downflow, HSV, and wake vortices, as
suggested by Dey et al. (2008). Additionally, it becomes apparent that an
increase in the KC number leads to higher scour depths across various
h./D parameters.

Fig. 14 depicts the temporal variation of S/D at submerged square
piles under different U,,, and h./D parameters for KC = 18. Similar to KC
=5 and 12, at fixed h,/D=0.5 (Fig. 14(a)), the minimum and maximum
values of S/D were observed at Ug, = 0 and U, = 0.6, respectively.
Similar patterns of scour development are observed for different h./D
values, as shown in Fig. 14(b-d). Similar to KC = 5 and 12, the increase
in scour depth can be observed with an increase in the U, parameter for
a fixed value of h./D. However, for the h./D value from 1 to 2, a mild
increase in scour depth can be observed, along with an increase in the
U,,, parameter at KC = 18. For a given U, value, it can be observed that
the S/D value increases as the h./D value increases. This is mostly due to
the generation of strong HSV and downflow, as suggested by Dey et al.
(2008).

3.3. Effect of KC number and Uy, on scour depth

In the context of pile scour under combined wave-current flows, KC
number and U, parameters are the most essential parameters, as re-
ported by Sumer and Fredsge (2001). The findings of Sumer and Fredsge
(2001) analysis are also supported by Qi and Gao (2014a) experimental
investigation. Therefore, the effect of KC numbers (5, 12, and 18) and
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Fig. 13. Temporal variation of normalized scour depth (S/D) at different h./D for a fixed KC = 12.

U, parameters (0, 0.2, 0.4, and 0.6) on S/D values of submerged square
piles are shown in Fig. 15.

Fig. 15(a) shows the variation of S/D with different U, parameters
for a submerged square pile (h,/D = 0.5) at different KC values. It can be
observed that the U, significantly affects the S/D values for low KC
values, particularly at KC = 5. The low KC regime shows a substantial
rise in S/D values as Uy, increases from O to 0.4. Additionally, an in-
crease in Uy, values from 0.4 to 0.6 results in a moderate S/D increment
for low KC numbers. This occurs because a stronger HSV consistently
develops in front of the pile, even when the current is relatively weak.
Further, at KC = 12, a mild increase in the S/D value can be observed
with an increase in the U, parameter for h,/D = 0.5. However, in a
higher KC regime (e.g., KC = 18), the influence of U, on scour depth
becomes less significant. For instance, an increase in Uy, from O to 0.2
shows a gradual rise in S/D values for a higher KC regime at h,/D = 0.5.
Nevertheless, the normalized scour depth remains relatively constant as
Uy values increase from 0.2 to 0.6. For a given Uy, it can be seen that
an increase in the KC number increases the S/D values at the submerged
square pile. The present study findings are consistent with previous
research conducted by Sumer and Fredsge (2001), validating the influ-
ence of U, and KC numbers on S/D.

Sumer and Fredsge (2002) discussed different flow regimes around
the pile based on the KC number in wave-only conditions. They reported
that the symmetrical tail eddies are formed downstream of the pile for
KC numbers between 2.8 and 4, whereas these eddies become asym-
metrical for KC numbers between 4 and 6. For KC numbers between 6
and 17, vortex shedding occurs only on one side of the pile per half cycle
of the wave, and for KC numbers between 17 and 23, vortex shedding
alternates sides, spreading to the rear of the pile.
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In wave-only conditions, the KC number significantly impacts scour
depth around a submerged square pile. At lower KC value, a smaller
horseshoe vortex exists and does not have much effect on the scouring
process (Sumer et al. 1997). However, as the KC value increases, the
horseshoe vortex becomes more prominent and plays a significant role
in the scouring process, eventually becoming the dominant factor when
KC exceeds 100 (Sumer et al., 1992). For the situation of a lower KC
value, the presence of the horseshoe vortex in both space and time is
very limited (Sumer et al. 1997); therefore, its influence on the scour
will not be significant. However, the rate of erosion is faster in these
lower KC regimes compared to larger KC numbers, because the oscilla-
tory flow effects are more pronounced and eddies become asymmetrical,
leading to more dynamic sediment transport and erosion around the
submerged pile. As the KC number increases to moderate levels (KC =
12), the wave-induced orbital velocities and associated kinetic energy
rise, resulting in more significant sediment transport and a faster rate of
scour development due to vortex shedding occurring only on one side of
the pile per half cycle of the wave. In high KC regimes (KC = 18), while
the wave forces are stronger and produce higher wave-induced orbital
velocities leading to greater overall scour depth, the rate of erosion
actually becomes lower. This is because the scour process approaches an
equilibrium state more quickly due to the high energy input from the
waves, stabilizing the sediment transport around the submerged pile.

Fig. 15(b) shows the variation of S/D with different U, parameters
for submerged square piles (h./D = 1) at different KC values. Similar to
the h./D = 0.5, a significant rise in the S/D values can be observed as the
U,y parameters vary from O to 0.4 for low KC numbers of 5. Further, an
increase in U, values from 0.4 to 0.6 shows a moderate increase in S/D
values at the low KC numbers of 5. Additionally, as the KC number
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Fig. 14. Temporal variation of normalized scour depth (S/D) at different h./D for a fixed KC = 18.

increases to 12, a mild increase in the S/D value is observed. At this
point, a gradual increase in the S/D value is observed with a corre-
sponding rise in Uy, values. As the KC number increases to 18, no sig-
nificant effect on the S/D values was observed compared to the KC =12.
A similar variation of S/D can be observed for h./D equal to 1.5 (Fig. 15
(c)) and 2 (Fig. 15(d)) at submerged square piles.

3.4. Influence of average-velocity-based Froude number (Frg)

The significance of the average-velocity-based Froude number (Fr,)
in establishing the equilibrium scour depth in wave-current flows was
highlighted by Qi and Gao (2014b). The flow structures, such as HSV
and wake vortices, are closely linked to the Fr, which is responsible for
the scour development around a pile. The normalized scour depths
around submerged square piles in wave-current flows, as a function of
Frq for various h./D values, are shown in Fig. 16.

The analysis reveals a noticeable trend in the S/D value with respect
to Frg. A rapid increase in the S/D value is observed for Fr, values of
0-0.4. A further increase in Fr, values from 0.4 to 1 results in an almost
constant S/D value. Similarly, as the h./D parameter increases, the S/D
value also increases for a constant Fr,. However, h./D values of 1.5 and 2
show almost similar variations of S/D values. Qi and Gao (2014b) also
observed a similar pattern of S/D around a square pile under combined
wave-current flows. Moreover, when examining the specific case of h./D
equal to 2, a higher S/D value is evident, as depicted by the corre-
sponding fitting curve. Conversely, the minimum S/D value is observed
for h./D equal to 0.5, as illustrated by its fitting curve.
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4. Conclusions

Submerged square piles are the most common coastal structures that
are built to support oil and gas rigs, and offshore platforms. The sub-
merged piles are mainly designed to withstand the hydrodynamic forces
induced by combined wave-current flows. The interaction of combined
wave-current flows with the submerged pile can cause scour develop-
ment around the pile, which can ultimately lead to structural failure.
Therefore, the present study utilizes a three-dimensional numerical
model to examine the scour phenomenon around the submerged square
pile. Based on the analysis of the numerical results obtained in the
present study, the following conclusions have been drawn.

e The increase in the pile height-to-width ratio (h./D) from 0.5 to 2
leads to an increase in the normalized equilibrium scour depth (S/D)
from 0.0013 to 0.0113 under wave-only (U, = 0) conditions for a
fixed KC = 5. Similar trend is also observed for Uy, values of 0.2, 0.4,
and 0.6 at the KC = 5. This increase in scour depth is attributed to the
larger downflow velocities around the pile as h./D increases, which
enhance sediment transport and result in greater scour around the
pile.

e The increase in the KC number from 5 to 18 leads to an increase in S/
D from 0.0013 to 0.0580 under wave-only (U,,, = 0) conditions for a
fixed h./D = 0.5. A similar trend is also observed in combined wave-
current flow conditions for U, values of 0.2, 0.4, and 0.6 at the same
h./D. This increase in scour depth is mainly due to the formation of
stronger horseshoe vortices, which become the dominant factor in
the scour process at higher KC values.
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Fig. 15. Normalized scour depth (S/D) vs. (a) the wave-current parameters (U,) for square pile in different KC regimes for various h./D.
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Fig. 16. Normalized scour depth (S/D) vs. the average-velocity-based pile
Froude number (F,,) for submerged square pile under combined wave-
current flow.

e When waves are combined with weak or mild currents (U, < 0.4), a
gentle increase of approximately 15-20% in the normalized equi-
librium scour depth (S/D) is observed compared to wave-only con-
ditions around the submerged square pile for low KC number (KC =
5). However, when waves are combined with strong currents (U, =
0.6), a more significant increase of up to 50% in the S/D values is
observed compared to wave-only condition (KC = 5). This significant
increase in scour depth for U, = 0.6 is predominantly due to the
dominance of current forces over wave forces, which enhance tur-
bulence and sediment mobilization around the pile.

The effect of U, becomes negligible in higher KC regimes (KC > 12)
compared to the low KC regime (KC = 5). This is because in higher
KC regimes, wave forces dominate the scour process over the current
forces. For larger KC values of 12 and 18, the U,,, parameters have
less effect on scour depth. This is attributed to the suppression of lee-
wake vortices by the development of trailing vortices.
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