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1 Introduction

Computational Investigation
of Scour Around Square Piles
Oriented at 45 deg and 90 deg
in Wave-Current Flows

Square piles are widely utilized in coastal engineering due to their economic efficiency and
robustness in resisting large forces in the coastal environment. However, the removal of
sediment particles due to the approaching flow around such structures, known as scour,
raises concerns about the stability and safety of the structure. Therefore, this study inves-
tigates scour around square piles placed at 45 deg and 90 deg angles in wave—current
flows. A newly developed sediment transport module within the open-source REEF3D
framework is developed, incorporating a three-phase semicoupled approach with level-
set method (LSM) for realistic representation of sediment bed and free surface interfaces.
The developed model is first validated against experimental results of circular and square
pile scour in different flow conditions, such as steady current, wave-only, and wave—
current flows. Furthermore, the effect of the combined wave—current parameter (U,,,)
and Keulegan—Carpenter (KC) number on the normalized equilibrium scour depth
(S/D,,) is explored. This study provides new insights into how square pile orientation mod-
ifies bed topography and equilibrium scour depth in wave—current flows. Numerical results
demonstrate that a higher S/D,, value was observed for larger U,,, and KC numbers for
both piles. It is revealed that in wave-only and combined wave—current flows with low
KC numbers (KC < 10), square piles oriented at 45 deg experience greater scour depths
than those oriented at 90 deg. However, at a higher KC number (KC = 18), square piles
oriented at 90 deg exhibit greater scour depths compared to those at 45 deg.
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limited number of studies focused on pile scour in a combined

Piles have emerged as famous coastal and marine structures due
to their excellent structural stability and exceptional load-bearing
capacity. Nonetheless, the introduction of piles in a wave—current
condition complicates the flow physics and scour phenomenon in
coastal environments [1,2]. Pile-induced turbulence results in the
formation of a turbid wake [3], which may lead to environmental
repercussions [4]. The scour phenomenon substantially threatens
the safety and reliability of such expensive coastal structures.
Besides, excessive scour can cause geotechnical instabilities,
such as breaching, which takes place when a slope larger than
the angle of repose is formed [5-7].

Therefore, it is crucial to examine the scour phenomena around
the pile in wave—current flows. Most studies on pile scour were
conducted under steady current or wave-only cases [8—18]. A
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wave—current environment [19-24]. In steady currents, the forma-
tion of scour around a pile is mainly governed by the horseshoe
vortex (HSV), downflow, lee-wake vortices, and streamline con-
traction [25-27]. However, HSV and shedding of vortex are the
main factors governing the development of scour holes around
the pile in the wave-only condition [28,29]. In this case, scour is
primarily affected by two dimensionless factors: (1) Keulegan—
Carpenter (KC) number and (2) diffraction parameter for large
piles (D,,/L, where D,, is the pile width obstructing the flow and
L is the wavelength) [30]. The KC number represents the distance
a water particle travels during one wave cycle relative to the pile
width. A higher KC value indicates that the water motion is
more extensive, corresponding to stronger or longer-duration
waves, whereas a lower KC value reflects weaker or shorter
waves with limited particle movement. The nondimensional KC
number is expressed as given in Eq. (1).

_ULT

KC
D,

ey
where U,, is the wave orbital velocity, and T is the wave period.
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In oscillatory flows, the HSV plays a critical role in scour
formation around piles for KC <100 [28]. However, a less effect
of HSV on scour was reported for KC numbers ranging from 6
to 30 [31]. Sumer et al. [29] conducted experiments to investigate
wave-induced scour around 45 deg and 90 deg oriented square
piles. They observed that vortex shedding is absent for a 45 deg ori-
ented square pile when the KC number is less than 4, and for a
90 deg oriented square pile when the KC number is less than 11.
They also reported that square piles oriented at 45 deg experienced
a higher equilibrium scour depth when compared to square piles
oriented at 90 deg in the wave-only condition.

The combination of waves and currents complicates the flow
hydrodynamics that involves nonlinear interactions between
waves and current rather than simply adding the linear components
of steady current and waves [30]. Soulsby and Whitehouse [32]
reported that wave—current interactions lead to (1) increased bed
shear stress components due to the interaction of the waves and
the current’s boundary layer, (2) the development of wave-induced
currents, and (3) wave refraction caused by currents altering the
wavelength and phase speed of the waves. Umeyama [33-35]
also conducted experimental investigations to examine flow hydro-
dynamics under a combined wave—current environment. Their
research mainly focused on analyzing the turbulent characteristics
and free surface interface under varying wave—current parameters
(U.), calculated as given in Eq. (2). The U,,, parameter quantifies
the relative strength of the steady current compared to the
maximum oscillatory wave velocity near the bed. The higher U.,,
values indicate a flow dominated by the current, whereas lower
values correspond to conditions primarily governed by wave
motion.

Uew = L (2)
U.+U,
where U, is the current velocity at a vertical distance y = D/2 from
the seabed.

Sumer and Fredsge [23] conducted experiments to examine the
scour around a circular pile in the wave—current environment. They
reported that the introduction of current to the oscillatory flow
causes a larger pile scour depth for KC numbers less than 100.
The dominance of the current component on scour depth formation
was observed when U, was equal to or greater than 0.7. These
conclusions were derived from experiments conducted with irreg-
ular waves propagating co-directionally or orthogonally to the
current. Furthermore, Qi and Gao [21,22] examined the effect of
wave-generated pore pressure on monopile scour in wave—
current flows (opposing and co-directional). Qi and Gao [22]
also reported the effect of the average-velocity-based Froude
number (Fr,) on circular pile scour. They additionally suggested
an empirical equation to calculate the equilibrium scour depth
using Fr, in wave—current flows, as represented in Eq. (3).

1g(S/D,,) = —0.80 exp (0.14/Fr,)

3
+1.11(0.1 <Fr, <1.1,0.4 < KC < 26) ©)
where Fr, = Ua/(gDW)O‘5 , g 1s the gravitational acceleration, and U,
is the average water particle velocity in wave—current flows, which
can be calculated using Eq. (4).

1 (T4 ‘ 5
U, = T7*L (Ue+ U, sin2Mt/T))dt = U, + i U, 4)

Using physical experiments, Chen and Li [19] examined the cir-
cular pile scour in the wave—current condition. They reported that
the nonlinearity of waves can result in the migration of scour down-
stream. This phenomenon is attributed to the irregularities in the
crests and troughs of the waves. Recently, Schendel et al. [36]
examined the monopile scour in waves combined with oblique cur-
rents. They observed that the equilibrium scour depths decreased as
the wave spreading increased, suggesting a greater influence of KC
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numbers. Several numerical investigations are also performed on
pile scour in the wave—current condition [37-41]. Afzal et al.
[10] utilized the REEF3D model to conduct a numerical in-
vestigation on pile scour in wave—current flows. They employed
the level-set method (LSM) in their simulations to represent free
surface interfaces and established a favorable correlation between
the simulated outcomes and experimental observations. Gautam
et al. [39] utilized the REEF3D numerical model to examine the
influence of KC number on equilibrium scour depth around circular
piles for different U,,, values. They found that the normalized equi-
librium scour depth (S/D,,) becomes larger with an increased KC
number for a given value of U,,,.

Although several studies have investigated local scour around
circular piles under steady current, wave-only, and combined
wave—current flows [19,21,23,39], research on noncircular pile
geometries, particularly square piles, remains limited. Existing
experimental investigations on square piles have mainly focused
on wave-only conditions [29], with few addressing the effects
of combined wave—current interactions or pile orientation.
However, the influence of square pile orientation (45 deg and
90 deg) on equilibrium scour depth, temporal development of
scour, and bed morphology under combined wave—current flow
is still not well understood. Furthermore, the combined influence
of the KC number and U,,, parameter on scour evolution around
square piles has not been systematically quantified.

To address these research gaps, the present study performs a
comprehensive three-dimensional numerical investigation of
scour around square piles under combined wave—current flows.
The newly developed sediment transport module in the REEF3D
framework [42-48] is employed using a three-phase (air—water—
sediment) semicoupled formulation with the LSM to capture free
surface and bed evolution accurately. The present study systemati-
cally examines the effects of square pile orientation (45 deg and
90 deg), KC number (3.9 <KC < 18), and U,,, parameter on scour
evolution and introduces new correlations between the normalized
equilibrium scour depth (S/D,,) and the average-velocity-based
Froude number (Fr,). The findings provide novel numerical
insights into the influence of pile geometry and flow interaction
parameters on scour processes, therefore advancing current under-
standing and offering practical guidance for the design and safety
assessment of coastal and offshore foundations.

2 Numerical Model

The open-source code REEF3D (Release 23.01) is used to study
the scour around square piles with 45 deg and 90 deg orientations
in the combined wave—current condition. The employed computa-
tional fluid dynamics (CFD) model is a three-phase semicoupled
model incorporating the air, water, and sediment phases [42,48].
An advantage of the numerical model is its utilization of the
LSM, which realistically represents the sediment bed and free
surface interface [47].

2.1 Hydrodynamic Modeling. REEF3D simulates 3D flow
hydrodynamics using the incompressible Reynolds-averaged
Navier-Stokes (RANS) equations for momentum conservation
and the continuity equation for mass conservation, as shown in
Egs. (5) and (6).

oU;
é’x,«

o " T pam oy YTV ax, 8

=0 (5)

where p is the fluid mass density, U is the time average velocity
over time ¢, P is the pressure, v is the kinematic viscosity, and v,
is the turbulent eddy viscosity.
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The fifth-order weighted essentially non-oscillatory (WENO)
scheme is used to discretize the advection and diffusion compo-
nents of the RANS equations [49]. The turbulence and free
surface variables are handled using the Hamilton—Jacobi version
of the WENO scheme [50]. To simulate the pressure, Chorin’s pro-
jection technique [51] is used. To prevent odd-even decoupling
between pressures and velocities, a staggered grid is used. Time
discretization is accomplished using the third-order total variation
diminishing Runge—Kutta technique [52]. An adaptive time-
stepping technique is used to optimize the time-step size. An adap-
tive time stepping is implemented throughout the simulations to
ensure the accuracy and stability of the numerical model. The
size of the time-step is determined based on the Courant—Frie-
drichs—-Lewy number, as reported by Griebel et al. [53]. For the
hydrodynamic turbulence computation, the k—® model [54] is
employed, as discussed in detail by Gautam et al. [39]. The time
coupling between the hydrodynamic and sediment transport
solvers was achieved through REEF3D’s standard temporal-
decoupling approach [43]. The hydrodynamic solver was advanced
with a time-step of Ar=0.001 s, while the sediment transport and
bed-update calculations were executed every 10 hydrodynamic
time steps, corresponding to a morphological acceleration factor
of 10 (At,,=0.015s). This approach ensures numerical stability
and computational efficiency while accurately reproducing the
equilibrium scour depths observed in the simulations.

2.2 Sediment Transport Modeling. The sediment transport
phenomenon plays a crucial role in the erosion and deposition of
sediments. There are two primary methods through which the sedi-
ment particle is transported: bedload and suspended load transport.
These modes are differentiated based on the relationship between
critical bed shear stress and settling velocity [55].

Shields approach [56] is used to compute the incipient motion of
sediment grains, in which the critical bed shear stress is computed
using the critical Shields parameter. Furthermore, the turbulent vis-
cosity equation (7) is utilized to calculate the effective bed stresses.

0
T=—p, +v) a—: @)

where z represents the depth from the zero bed level.

At the onset of scouring, alterations in both longitudinal and
transverse bed slopes trigger changes in bed topography. Conse-
quently, the consideration of sloping beds becomes imperative in
determining the critical bed shear stress (z), as it governs the
initial movement of sediment particles. Given the semi-empirical
nature of the Shields approach, it does not explicitly incorporate
bed slopes. Therefore, to address this, a reduction factor (r) is
used to compute the reduced critical shear stress (z.) [57-60].
This reduction factor (r) is multiplied by 7y to obtain the 7.
value, as presented in Eq. (8).

T =170 ®)

The present numerical model incorporates the analytical formu-
lation of Dey [61] to determine the reduction factor (r), which is
expressed as given in Eq. (9).

1
r=(1 —ntan¢)tan ¢

+ |:<sin 0 + ntan’¢v/ cos20 — sin’a

{— (sin 0 + ntan® v/ cos20 — sin’a

2

+(1 - ntan2¢)(0052€tan2¢ — sinzatanzd) —sin%0 — sinza)]o's}

€))

Here, 5 is the drag force upon inertia forces, 0 is the longitudinal
angle, a is the transverse angle, and ¢ is the angle of repose.

The sand-slide algorithm reduces bed shear stress by preventing
excess sediment slip when the bed slope exceeds ¢ [62]. In such
cases, the slope is adjusted by —2 deg, as suggested by Roulund

Journal of Offshore Mechanics and Arctic Engineering

et al. [63]. The computed effective stresses and critical bed stresses
are coupled with the bedload calculation approach. This incorpo-
rates the application of the van Rijn formulas [64] to ensure the
accurate computation of bedload, given in Eq. (10).

2.1
(1 — TC’,')
b =0.053 Tei (10)

o5 [0 [(m/(pw - 1>g> ” T”
p 2

where 7., is the critical bed shear stress, p; is the sediment density,
and d; is the median sediment particle diameter.

Furthermore, the suspended sediment load transport is calculated
using the standard convection—diffusion formulation [65], pro-
vided in Eq. (11).

8c+u ac+ oc 6<r8c> (1D

a oy e ay\ Ay

where ¢ represents the sediment concentration and wy is the sedi-
ment particle fall velocity. The value of the diffusion constant
(I') is thought to be equal to the value of eddy viscosity [66].
The bottom suspended load concentration (c;,) and the zero ver-
tical sediment flow at the free surface serve as the equation’s
boundary condition. According to van Rijn [65], sediment concen-
tration along the bed (c,) may be calculated as given in Eq. (12).

d Tl45
c;,=0.015§<m> (12)

in which a is the suspended sediment load datum level, and D= is
the sediment particle parameter, given in Eq. (13).

s—1g]"?
D, =ds |:( 5 )gi|

(13)

The Exner formulation is utilized to compute the bed elevation
changes. This method is based on the concept of sediment mass
conservation [38]. The Exner’s equation used for the calculation
of bed elevation changes is given in Eq. (14).

Oz Ogvx _ Ogny
—=————-——=—-FE+D 14
ot Ox Oz 19
where ¢, represents the bedload transport rate, while n denotes the
porosity of sediment particles. Additionally, z,, signifies the local
bed surface elevation, and E represents the erosion rate, with D
indicating the deposition rate from suspended sediments.

(1—n)

2.3 Numerical Model Setup and Boundary Conditions. To
model combined wave—current flows, a numerical wave tank
(NWT) can be employed as a cost and time-efficient tool, replacing
the physical modeling [45]. The traditional numerical wave tank
used for simulating experimental conditions requires resource allo-
cation, incurs considerable costs, and demands a substantial time
investment. Therefore, a truncated-size numerical wave tank
[46,67] is utilized in this study.

In the present study, the scour around a square pile in wave—
current flows is investigated using an NWT of 3.5mx1mx
0.7 m, as shown in Fig. 1. The inflow boundary condition is set
as a uniform flow, while atmospheric pressure is assumed at the
free surface. In NWT simulations, second-order Stokes waves
along with the Dirichlet boundary condition are generated at one
end of a confined domain (inlet) and subsequently absorbed at
the opposite end (outlet). It is essential to avoid wave reflection
from the absorption end to ensure accurate wave hydrodynamics
and sediment transport in the numerical domain. The present
NWT generates waves using the relaxation method [68] and
encounters wave reflection at the end of the NWT using the
active wave absorption method. The top boundary, located in the
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Fig. 1 Numerical wave tank with boundary conditions
Table 1 Details of the experiments used for model validation
Cases D, (m) dso(mm) H(@m) T,(s) U,(@m/s) U.(m/s) U, KC Exp.S(cm) Sim. S (cm)  Error %
Current (Fig. 2) [70] 0.08 0.75 - - - 0.28 1 - 12.5 12.6 0.8
Current (Fig. 3) [18] 0.16 0.85 - - - 0.22 1 - 8 7.72 3.5
Wave (Fig. 4) [28] 0.01 0.18 0.12 4.5 0.32 - 0 14.6 2.5 2.45 2
Wave (Fig. 5) [29] 0.02 0.18 0.18 1.4 0.31 - 0 22 0.35 0.4 14.3
Wave—current (Fig. 6) [71] 0.05 0.40 0.07 1 0.08 0.21 0.71 1.67 6.6 6.75 2.3
Wave—current (Fig. 7) [21] 0.08 0.38 0.033 1.4 0.30 0.23 043 1.28 3.36 3.28 2.4

Note: H represents the wave height, and S/D,, represents the normalized pile scour depth.

air phase, is designated as a symmetry plane, where vertical veloc-
ities and horizontal velocity gradients are set to zero. The ghost cell
immersed boundary approach [69] is used to simulate solid bound-
aries within the NWT. Additionally, the side walls are treated as
rough walls, imposing a no-slip boundary condition that defines
velocities near the wall.

2.4 Numerical Model Validation and Grid Convergence
Study. The present study employs a novel sediment transport
module within REEF3D, an open-source CFD code based on
wave—current environments. However, the numerical model must
be validated in order to demonstrate accuracy in predicting equilib-
rium scour depth in wave-only, steady flow, and combined wave—
current flow. In steady current, the numerical results were validated
with the experimental data on the temporal change in pile scour, as
Xiao et al. [70] observed for circular piles and Khosronejad et al.
[18] for square piles. Experimental data from Sumer et al. [28]
for circular piles and Sumer et al. [29] for square piles were used
to validate numerical results for the wave-only condition. Further-
more, the numerical model was validated against experimental data
from Ref. [71] for circular pile scour in the combined wave
—current condition. Due to the unavailability of the square pile
scour experimental dataset in the combined wave—current condi-
tion, we performed additional validation with grid convergence
for circular pile scour against experimental data of Qi and Gao
[21]. The details of the experiments utilized in this study for the
model validation are provided in Table 1.

031201-4 / Vol. 148, JUNE 2026

2.4.1 Steady Current. In steady current, the numerical results
of temporal scour variations around the monopile were validated
with experimental results of Xiao et al. [70], as shown in Fig. 2.
The numerical results show a scour depth of 12.6 cm, which coin-
cides with the experimental finding of 12.5 cm, corresponding to a
minimal percentage error of just 0.8%. This close correspondence
demonstrates the accuracy of the numerical model in capturing the
scour process. Furthermore, the temporal evolution of monopile
scour predicted by the simulations shows good consistency with

Steady Current

15 1 éh“rfo*'"‘ Q

Q D
2 1
(
0.5 '{ O  Xiao et al. (2020)
—— Present model
0 - T T T b T hd T

0 20 40 60 80 100
T (hours)

Fig. 2 Numerical results validated with Xiao et al.’s [70] exper-

imental data of temporal scour variations at the monopile in a
steady current
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the experimental observations reported by Xiao et al. [70], indicat-
ing that the model reliably reproduces both the magnitude and
development of scour over time.

Steady current

0.5 1
0.4 4
_Cj 0.3 -
%]
0.2 O Khosronejad et al.(2012) Exp.
Khosronejad et al.(2012) Sim.
0.1 — Bordbar et al. (2021) Sim.

— Present model

T v T - L] .. L
0 900 1800 2700 3600
Time (seconds)

Fig. 3 Numerical results validated with Khosronejad et al.’s

[18] experimental data of temporal scour variations at the
square pile in a steady current

Waves only (U,,=0)

0.4
0.3 -
O
S 02 4 o
0.1 o
O  Sumer et al. (1992)
= Present model
0 v L] v T v T v L v L] v T

0 10 20 30 40 50 60
Time (minutes)

Fig. 4 Numerical results validated with Sumer et al.’s [28]
experimental data of temporal scour variations at a circular
pile in the wave condition

Waves only (U,,=0)
0.5

0.1 O  Sumer et. al. (1993)
—— Present model

0= T T T T

0 3 6 9 12 15
Time (minutes)

Fig. 5 Numerical results validated with Sumer et al.’s [29]

experimental data of temporal change in square pile in the
wave-only condition

Journal of Offshore Mechanics and Arctic Engineering

Figure 3 illustrates the temporal scour variation around the
square pile in a steady current during a physical modeling duration
of T=1h. The numerical simulation predicted an equilibrium
scour depth of 8 cm, which is in close agreement with the experi-
mental value of 7.72 cm from Ref. [18], corresponding to a small
percentage error of 3.5%. This close agreement highlights the accu-
racy of the numerical model under current only conditions. In addi-
tion, the present numerical results were compared with the findings
from the studies of Khosronejad et al. [18] and Bordbar et al. [72].
The comparison demonstrates that the present model reproduces
the observed scour patterns effectively and aligns well with the
experimental data. Nevertheless, it is noted that the numerical pre-
dictions from both Refs. [72,18] tend to underestimate the temporal
variations in scour development around the pile, whereas the
present model captures these dynamics more accurately.

2.4.2 Wave-Only Condition. In the wave-only condition, the
results of the present developed model were validated using the
experimental results of Sumer et al. [28] for the temporal change
in circular pile scour (T'=1 h), as shown in Fig. 4. The numerical
simulation predicted an equilibrium scour depth of 2.45cm,
which is in close agreement with the experimentally measured
value of 2.5 cm reported by Sumer et al. [28], corresponding to a

Combined waves and current

1.6 -
2
% 08
0.4 4 O Chengetal, (2022)
—— Present model
0 g——T——T—"—T—T"T""7
0 60 120 180 240 300 360

Time (minutes)

Fig. 6 Numerical results validated with Cheng et al.’s [71]
experimental data of temporal scour variations in wave-
current flows

Combined waves and current
0.8

O Qiand Gao (2014a)
| — Gridsize=0.04m
0.6 - Grid size = 0.03 m
= Grid size = 0.02 m
0.5 1 == Grid size=0.015m

0.4 - "

SID,,

0 5 10 15 20
Time (minutes)

o]
Ln

Fig. 7 Numerical results with grid convergence validation with
Qi and Gao’s [21] experimental results of temporal scour varia-
tions in wave—current flows
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minimal percentage error of only 2%. This close correspondence
demonstrates the reliability and accuracy of the developed model
in capturing wave-induced scour processes. Moreover, the pre-
dicted temporal variation in scour depth closely follows the exper-
imental trend, further confirming that the model effectively
reproduces both the magnitude and the temporal development of
scour around a circular pile under wave-only conditions.

Figure 5 illustrates the temporal scour variation at the square pile
in the wave-only condition during a physical modeling duration of
T=15 min. The numerical model predicted an equilibrium scour
depth of 4 mm, closely aligning with the experimental value of
3.5 mm, resulting in a higher percentage error of 14.3%. This
larger relative error arises from the very small absolute scour
depth, where minor deviations naturally produce higher percentage
differences. Overall, the temporal evolution of scour predicted by
the model aligns well with the experimental observations of

Table 2 Grid convergence metrics for equilibrium scour depth
under different grid sizes

Sumer et al. [29]. However, the numerical results show a slight var-
iation in the temporal change of scour, which is mainly due to the
erosive and deposition nature of oscillatory flow.

2.4.3 Combined Wave—Current Flows. In the combined
wave—current environment, the present model observations were
validated with the experimental findings of temporal change in cir-
cular pile scour (7= 6 h) observed by Cheng et al. [71], as shown in
Fig. 6. The numerical simulation yielded an equilibrium scour
depth of 6.75 cm, closely matching the experimental value of
6.6 cm, corresponding to a small percentage error of 2.3%. This
close agreement demonstrates the model’s capability to accurately
capture the complex interactions between waves and currents. Fur-
thermore, the temporal development of scour around the circular
pile predicted by the model shows good consistency with the exper-
imental observations during both the initial and equilibrium phases
of scour. However, the numerical results throughout the scour-
progressive phase show a modest overprediction, compared to
experimental datasets.

The reliability of the numerical model in the combined wave—
current environment was enhanced by validating its scour predic-

Grid size (m) S/D,, Percentage change versus previous grid  tions against the experimental results of Qi and Gao [21]. The
present numerical model’s predictions for pile scour were com-
0.040 0.260 - pared with experimental data from Qi and Gao [21] for combined
8838 83?? 632 wave—current flow, as illustrated in Fig. 7. Grid convergence
0015 0.409 049 analysis was performed to assess the impact of grid resolution on
i : i simulation accuracy and reliability. The study tested grid sizes of
(@) ZAxis X Axis Z Axis
5
0.8 0.8
0.6 0.6
Y Axis Y Axis
0.4 0.4
0.2 0.2
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'_-Y
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Fig. 8 Grid decompositions of numerical wave tank with square piles of (a) 90 deg and

(b) 45 deg orientations
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4, 3,2, and 1.5 cm, revealing that coarser grids of 4 cm and 3 cm  capability under combined wave—current conditions. Using a
underestimated temporal scour depths. Further refining the grid 1.5 cm grid does not significantly improve accuracy compared to
to 2cm yields an equilibrium scour depth of 3.28 cm, which the 2 cm grid but greatly increases computation time and cost.
closely matches the experimental value of 3.36 cm, corresponding  Therefore, a grid size of 2 cm was selected for analyzing the pile
to a percentage error of 2.4%, thereby confirming the model’s scour process in the wave—current condition.

Table 3 Hydraulic and wave parameters used in the numerical simulations

Case # D,, (m) H (m) U,, (m/s) U, (m/s) U, Fr, KC 45 deg (S/D,,) 90 deg (S/D,,) % change in S/D,,

1 0.18 0.051 0.156 - - 0.07 39 0.076 0.046 +65.2
2 0.18 0.051 0.156 0.039 0.2 0.10 39 0.099 0.072 +37.5
3 0.18 0.051 0.156 0.104 0.4 0.15 3.9 0.125 0.118 +5.9
4 0.18 0.051 0.156 0.234 0.6 0.25 3.9 0.200 0.228 -123
5 0.14 0.058 0.179 - - 0.10 5.75 0.100 0.067 +49.3
6 0.14 0.058 0.179 0.045 0.2 0.14 5.75 0.141 0.110 +28.2
7 0.14 0.058 0.179 0.119 0.4 0.20 5.75 0.195 0.176 +10.8
8 0.14 0.058 0.179 0.268 0.6 0.33 5.75 0.294 0.309 -4.9
9 0.08 0.058 0.178 - - 0.13 10 0.128 0.105 +21.9
10 0.08 0.058 0.178 0.045 0.2 0.18 10 0.179 0.166 +7.8
11 0.08 0.058 0.178 0.119 0.4 0.26 10 0.213 0.245 —13.1
12 0.08 0.058 0.178 0.267 0.6 0.43 10 0.383 0.400 —4.3
13 0.08 0.10 0.320 - - 0.23 18 0.339 0.400 -153
14 0.08 0.10 0.320 0.080 0.2 0.32 18 0.405 0.435 -6.9
15 0.08 0.10 0.320 0.213 0.4 0.47 18 0.416 0.478 -13

16 0.08 0.10 0.320 0.480 0.6 0.77 18 0.441 0.480 -8.1

Note: Every case was conducted for both square piles with 45 deg and 90 deg orientations.

(@) - (b)

(c) (d)

Fig. 9 The contour plots of bed topography around 90 deg and 45 deg oriented square piles under varying U.,, parameters for
KC =3.9

Journal of Offshore Mechanics and Arctic Engineering JUNE 2026, Vol. 148 / 031201-7

920z A1enigad 6| U0 Jasn Yoayjol|qIg- Hiod HONSISAIUN dYosIuYd ] Aq Jpd'GE L | -GZ-0BWO/BEYY8S./L0ZLE0/E/8Y | Pd-BloIHE/SOIUBLDBWSI0YSHO/BI0 dLSE UORD3||00[eNBipaLuse//:diy woy papeojumoq



Fig. 9 Continued

A quantitative grid convergence analysis was also performed to
assess the influence of spatial resolution on the predicted equilib-
rium scour depth (S/D,,). The results, as summarized in Table 2,
show that as the grid is refined from 0.04 m to 0.03 m, the equilib-
rium scour depth increases significantly (by approximately 62.3%),
indicating that the coarsest grid is unable to adequately resolve the
near-bed flow structures and sediment transport processes. Further
refinement from 0.03 m to 0.02 m results in only a 2.6% change in
S/D,,, while an additional refinement to 0.015 m leads to a negligi-
ble change of 0.49%. These results clearly demonstrate that the
solution becomes nearly grid-independent for grid sizes finer
than 0.02 m. Considering both accuracy and computational effi-
ciency, the grid size of 0.02 m was selected for all subsequent sim-
ulations, ensuring a reliable representation of the scour process
around the pile.

A uniform staggered Cartesian [10,42,46,73] grid size of 2 cm
with a stretching ratio of 1 is utilized to perform all the numerical
simulations in this study. In REEF3D, it can be observed that the
uniform finer grid of 2 cm accurately captures the flow features,
such as separation zones, wake formation, and vortical flow struc-
tures in the numerical wave tank. The uniform grid also provides
better simulation results of complex sediment transport and
scour phenomena. The grid resolution at solid boundaries is
crucial for capturing near-wall turbulent structures accurately. In
the present study, the grid resolution near solid boundaries is main-
tained at 2 cm in wall units. The grid decomposition of NWT,
which consists of a square pile with orientations of (a) 90 deg
and (b) 45 deg, is shown in Fig. 8.

031201-8 / Vol. 148, JUNE 2026

3 Results and Discussion

Square piles can be used with different orientations based on the
stability needs of the structure. The present study deals with the
complex scour phenomenon around the square piles of 45 deg
and 90 deg orientations in combined wave—current flows, which
has not been extensively explored in the existing literature.

To explore square pile scour with different orientations in wave—
current environments, all simulations are performed with an NWT
of 3.5 mx 1 mx 0.7 m. The numerical experiments were conducted
using a median sediment size (dso) of 0.18 mm with a sand bed
thickness of 15cm and a critical Shields parameter (6.) of
0.047. The flow water depth (k) was maintained at 25 cm for all
the numerical simulations. To obtain a fixed KC number, the pile
width (D,,) for both orientations of square piles is kept the same.
The numerical simulations were conducted with three different
pile widths: 0.18 m, 0.14 m, and 0.08 m. In the present study, the
pile Reynolds number is varied between 14,240 and 28,080 for
both orientations of the square pile. The value of the wave parame-
ter (kh) was set at 0.2247 in every numerical simulation. Through-
out the numerical experiments, the wavelength (L) of the
second-order Stokes waves remains constant at 6.98 m. The wave
period is also kept constant, equal to 4.5s. The U, parameter
was systematically varied between 0 and 0.6. The wave height
(H) was varied between 0.506 and 0.10 m to achieve different
KC numbers (i.e., 3.9, 5.75, 10, and 18), each corresponding to a
distinct vortex flow regime as described by Sumer et al. [31].
These flow regimes are as follows: (a) for 2.8 <KC <4, a pair of
symmetric vortices formed due to flow separation behind the
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Fig. 10 Three-dimensional view of the sediment bed and free surface at the square pile with 90 deg and 45 deg orientation under

different U.,, parameters for a fixed KC =3.9

piles; (b) in the range of 4 <KC <6, the symmetry of these vortex
pairs is disrupted, though they remain attached, indicating that
vortex shedding has not yet begun; (c) for 6 < KC < 17, vortex shed-
ding occurs, with one vortex being shed during each half cycle; (d)
for 17 <KC <23, vortex shedding persists, with two vortices being
shed in each half cycle, resulting in an extended lee-wake behind the
pile, as also reported by Williamson [74].

Journal of Offshore Mechanics and Arctic Engineering

To investigate the S/D,, values around 45 deg and 90 deg ori-
ented square pile in wave—current flows, a total of 32 numerical
experiments were performed. All the numerical experiments
reached equilibrium scour depth in 3600 s, represented as T,.
The numerical parameters used to examine S/D,, around a square
pile with 45 deg and 90 deg orientations in a wave—current envi-
ronment are summarized in Table 3.
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Fig. 11 The contour plots of bed topography around 90 deg and 45 deg oriented square piles under varying U,,, parameters for
KC =5.75

3.1 Bed Topography at Different Keulegan—Carpenter
Regimes. This section examines the bed topography around
square piles with 45 deg and 90 deg orientations under varying
U.,,, parameters and different KC regimes. The focus is on under-
standing how combined wave—current flows affect the scour pat-
terns around these piles in different KC regimes. The analysis
highlights the impact of pile orientation and flow dynamics on
scour patterns, providing insights into the complex interplay of
hydrodynamic forces and sediment response.

The contour plots of bed topography around the square piles with
90 deg and 45 deg orientations under varying U..,, parameters for KC
=3.9 are shown in Fig. 9. The contours with negative values, indi-
cating scour, while the contour with positive values, indicating
deposition of sediment particles around the pile. For the wave-only
condition (U,,,=0), both pile orientations exhibit minor frontal
scour holes upstream. The pile with 90 deg orientation shows
greater scour depth at its upstream corners than at its stagnation
point, indicating a stronger flow acceleration effect at the corners.
However, the square pile with 45 deg orientation exhibits more sym-
metrical scour and deposition patterns, with reduced scour depth
compared to the pile of 90 deg orientation. As the U, parameter
increases, the scour depth also increases, and downstream sand
dunes emerge. For U,,, = 0.6, strong currents generate large frontal
scour holes and twin horn-shaped dunes downstream in both orien-
tations of the square pile. However, the scour for 45 deg oriented
square pile remains more symmetric compared to the 90 deg orien-
tation, aligning with observations by Zhao et al. [75].

031201-10 / Vol. 148, JUNE 2026

Figure 10 presents a realistic three-dimensional view of the sedi-
ment bed and free surface with velocity magnitude of square pile
with 90 deg and 45 deg orientation using the LSM at KC=3.9.
The results show nearly identical maximum scour and deposition
magnitudes, which can be attributed to the high velocities along
the sides of the piles. This results in the entrainment of sediments
from the upstream side and their transportation into the down-
stream region characterized by lower velocities. Soulsby and
Whitehouse [32] observed the emergence of ripples on the bed
surface when the Shields parameter fell within the range of 6., <
60<0.8. However, in the present study with square pile (45 deg
and 90 deg), no ripple formation was observed despite the
Shields parameter falling within the same range (Figs. 10(a)—
10(h)). This discrepancy could be attributed to the influence of
the pile geometry on the flow patterns and sediment transport.
The shape and orientation of the piles can affect how water and
sediment interact with the bed.

Figure 11 represents the contour plots of bed topography around
90 deg and 45 deg oriented square piles under varying U..,, param-
eters for KC=5.75. A symmetrical scour pattern is evident at
the upstream side edges of both square piles with 90 deg
(Figs. 11(a)-11(d)) and 45 deg orientations (Figs. 11(e)-11(h)).
In the wave-only condition, a minor upstream scour hole is
observed, accompanied by the deposition of sediments just
beneath the square pile oriented at 90 deg (Fig. 11(a)) and
45 deg (Fig. 11(e)). Similarly to KC number=3.9, the increase
in U, parameter leads to a larger scour depth, extended scour
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Fig. 11 Continued

hole width, and more deposition in the downstream region of both
orientations. Finally, in the case of U, = 0.6, the maximum scour
depth and more prominent and extended twin horn-shaped dunes
were observed downstream, particularly near the square pile of
90 deg orientation. However, the square pile with a 45 deg orienta-
tion preserves more symmetrical scour patterns but has a compar-
ative scour depth formation than the square pile with a 90 deg
configuration. Sumer et al. (1993) observed the absence of vortex
shedding phenomenon in square piles with 90 deg orientation
until KC< 11 and for square piles with 45 deg orientation until
KC<4. They noted that the vortices formed behind the piles
draw sediment grains into their core region yet fail to transport
them away due to the lack of shedding. At KC =5.75, the initiation
of vortex shedding for square piles with 45 deg orientation results
in deeper and wider scour profiles compared to KC = 3.9, driven by
higher bed shear stress, increased sediment entrainment, and more
dynamic flow—structure interactions.

Figure 12 presents a realistic three-dimensional view of the sedi-
ment bed and free surface of the square pile with 90 deg and 45 deg
orientation using the LSM at KC =5.75. The results show nearly
identical maximum scour and deposition magnitudes, which can
be attributed to the high velocities along the sides of the piles. At
KC =5.75, the Shields parameter does not fall within the specified
range of 9., <6 < 0.8 in wave-only conditions; hence, no ripple for-
mation was observed (Figs. 12(a) and 12(e)). Furthermore, in the
wave—current flow, the Shields parameter falls in the range of 0.,
<60<0.8, leading to the observation of small ripples. Notably, an
increase in current velocity corresponds to an increase in the mag-
nitude of ripples (Figs. 12(d) and 12(h)).

Journal of Offshore Mechanics and Arctic Engineering

The contour plots of bed topography around 90 deg and 45 deg
oriented square pile under varying U,,, parameters for KC =10 are
shown in Fig. 13. In the case of KC = 10, the effects of vortex shed-
ding become more apparent on bed topography. Similar to KC
numbers 3.9 and 5.75, a small scour depth formation is in front
of the pile and slight deposition downstream of both the square
pile orientations in U,,,=0. With an increase in U, parameter, a
wider and larger scour depth was obtained upstream of both
square pile orientations, while larger dunes were observed down-
stream, which are larger than the case of KC numbers 3.9 and
5.75. In the case of U,,, =0.4 and 0.6, elongated twin horn-shaped
dunes were evident, with the 90 deg orientation of the square pile
exhibiting slightly deeper and more extensive scour compared to
the 45 deg orientation. The alternate development of wing scour
holes and deposition is noticeable in a square pile oriented at
45 deg, primarily attributed to the vortex shedding phenomenon,
as noted by Sumer et al. (1993). However, in the case of a
square pile oriented at 90 deg, vortex shedding initiates after the
KC number exceeds 11.

Figure 14 depicts the three-dimensional view of the sediment
bed and free surface of a square pile with 90 deg and 45 deg real-
istically using the LSM for KC=10. The results show nearly
identical maximum scour and deposition magnitudes, which can
be attributed to the high velocities along the sides of the piles.
At KC =10, the Shields parameter does not fall within the spec-
ified range of 6..<6<0.8 in wave-only conditions; hence, no
ripple formation was observed (Figs. 14(a) and 14(e)). Further-
more, in the wave—current flow, the Shields parameter falls in
the range of 0., <6<0.8, leading to the observation of ripples.
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Fig. 12 Three-dimensional view of the sediment bed and free surface at the square pile with 90 deg and 45 deg orientation under

different U.,, parameters for a fixed KC =5.75

Notably, an increase in current velocity corresponds to an
increase in the magnitude of ripples (Figs. 14(d) and 14(h)). Fur-
thermore, it can be observed that more pronounced, deeper, and
wider scour formation occurs when waves are superimposed on
currents. This phenomenon is primarily attributed to the influence
of strong currents, which generate a stronger HSV around both
orientations of square pile.

031201-12 / Vol. 148, JUNE 2026

Similarly, the contour plots of bed topography around 90 deg
and 45 deg oriented square pile under varying U..,, parameters for
KC number=18 are shown in Fig. 15. Similar to other KC
numbers (3.9, 5.75, and 10), a symmetric scour pattern was
found at the upstream edges of the square pile oriented at 90 deg
and 45 deg in the wave-only condition. However, the square pile
with a 90 deg orientation forms wider and larger upstream scour

Transactions of the ASME

920z Alenigad 6 U0 JasN ¥eaulolqIg- B HBNSIaAIUN 8yosIuyoa ] Aq Jpd'GE L L-GZ-OBWO/BEYY8S /L OZLED/E/BY L /IPd-aIoIE/SOIUEY0BWaI0YS}0/BI0 B WSE  Uo)os||00[eNBipawse//:d)y WOl papeojumoq



Fig. 13 The contour plots of bed topography around 90 deg and 45 deg oriented square piles under different U.,, parameters for

KC=10

holes and downstream sand dunes than the 45 deg orientation.
According to Gautam et al. [39], waves with a high KC number
(KC =18) interact with weak, mild, or strong currents, leading to
the development of strong wave-generated currents. As a result,
larger lee-wake vortices and HSV are generated, causing greater
scour depth formation around the square piles oriented at 90 deg
and 45 deg. However, the effect of the U, parameter becomes
negligible at KC=18, with respect to the lower KC numbers
studied in the present study.

Figure 16 depicts the three-dimensional view of the sediment
bed and free surface of the square pile with 90 deg and 45 deg ori-
entation for KC = 18 using the LSM. The results show nearly iden-
tical maximum scour and deposition magnitudes, which can be
attributed to the high velocities along the sides of the piles. For
KC =18, the Shields parameter for both wave-only and combined
wave—current conditions falls within the specified range of 6., <6
<0.8. Despite this, no ripples were observed on the bed topography
for both 90 deg (Figs. 16(a)-16(d)) and 45 deg orientation (Figs.
16(e)-16(h)). This absence may be attributed to the fact that, at
higher KC numbers, the flow regime undergoes a transition
where other forces and phenomena, such as turbulence, wave
breaking, or shear forces, exert greater influence. These factors
can significantly impact the formation and stability of ripples.
Moreover, the elevated KC numbers indicative of increased flow
momentum may disrupt ripple formation as the flow energy
becomes directed toward alternative forms of water surface
disturbance.

Journal of Offshore Mechanics and Arctic Engineering

3.2 Temporal Change in S/D, Parameter at Different
Keulegan—-Carpenter Regimes. The temporal change in S/D,,
parameter at different KC regimes provides insight into the evolu-
tion of scour under varying flow conditions. The rate and extent of
scour formation are strongly influenced by the KC number and U,
parameter, which govern the flow oscillation and sediment trans-
port. Therefore, this section highlights the critical role of KC
numbers and U,, parameter on the temporal evolution of scour
depth around different orientations of the square pile (90 deg and
45 deg).

Figure 17 depicts the temporal change in S/D,, parameter of
square pile oriented at 90 deg (shown in Fig. 17(a)) and 45 deg
(shown in Fig. 17(b)) for varying U., parameters at KC=3.9.
The temporal change in square pile scour is shown by for
varying U,,, parameters of 0, 0.2, 0.4, and 0.6, respectively. For
U., =0, the minimum S/D,, values of 0.0462 and 0.076 were
observed for square piles oriented at 90 deg and 45 deg, respec-
tively. The generation of smaller wake vortices under wave-only
conditions causes reduced pile scour compared to wave—current
conditions, as suggested by Gautam et al. [39]. In combination of
waves with weak current (U, =0.2), the S/D,, values of 0.072
and 0.099 were obtained for square piles oriented at 90 deg and
45 deg, respectively. Similarly, the combination of waves with a
weak current leads to a gentle increase in the scour depth for
both orientations of square with respect to U,.,,=0.

Furthermore, for U, =0.4, the S/D,, values of 0.118 and 0.125
were obtained for square piles oriented at 90 deg and 45 deg,
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Fig. 13 Continued

respectively. In this case, the presence of a mild current component
increases the impact of U,,, leading to an increase in scour depth
compared to the scenario of U.,,=0.2. Finally, for U, = 0.6, the
S/D,, values of 0.228 and 0.200 were observed for square piles ori-
ented at 90 deg and 45 deg, respectively. In this case, the strong
current component increases the intensified effects of waves and
currents acting together, leading to a significant increase in scour
compared to U.,=0.2 and 0.4. It can be observed that the
square pile oriented at 45 deg has a higher S/D,, value in compar-
ison to the square pile oriented at 90 deg under different U,,,
parameters varying from O to 0.4. However, the square pile ori-
ented at 45 deg has a lower S/D,, than the square pile oriented at
90 deg under waves superimposed on a strong current (U, =
0.6) at KC=3.9. A possible reason for this difference is the dom-
inance of strong currents that led to strong HSV generation, which
raised the pile scour depth fast and substantially.

Figure 18 depicts the temporal change S/D,, value of square pile
oriented at 90 deg (shown in Fig. 18(a)) and 45 deg (shown in
Fig. 18(b)) for varying U,, parameters at KC=5.75. In the
wave-only condition, the minimum S/D,, values of 0.067 and
0.100 were observed for square piles oriented at 90 deg and
45 deg, respectively. The development of smaller wake vortices
under wave-only conditions leads to reduced scour compared to
wave—current conditions. For U..,,= 0.2, the S/D,, values of 0.110
and 0.141 were obtained for square piles oriented at 90 deg and
45 deg, respectively. The combination of waves with weak currents
leads to a gentle increase in the scour depth with respect to the
wave-only condition (U,,, =0). Similarly, for U, =0.4, the S/D,,
values of 0.176 and 0.195 were obtained for square piles oriented

031201-14 / Vol. 148, JUNE 2026

at 90 deg and 45 deg, respectively. In this case, the presence of a
mild current component increases the impact of U, parameter,
resulting in an increase in scour compared to the scenario of
waves coupled with weak currents (U,,, =0.2).

Furthermore, for U,,, = 0.6, the S/D,, values of 0.309 and 0.294
were obtained for square piles oriented at 90 deg and 45 deg,
respectively. In this case, the presence of a strong current compo-
nent increases the intensified effects of waves and currents acting
together, leading to a significant increase in scour formation com-
pared to the scenario of waves coupled with weak or mild currents.
It can be observed that the square pile with orientation of 45 deg
has a higher S/D,, value in comparison to the square pile with ori-
entation of 90 deg under U,,, with values of 0-0.4. However, the
square pile with an orientation of 45 deg has a lower S/D,, value
than the square pile under waves combined with strong current
(U, =0.6) for KC=5.75. It can be observed that the effect of
U.,, parameter (0.2 and 0.4) on the S/D,, value is much less in com-
parison to the case of U,.,,=0.6.

Figure 19 depicts the temporal change in S/D,, values at square
pile oriented at 90 deg (shown in Fig. 19(a)) and 45 deg (shown in
Fig. 19(b)) under varying U, parameters for KC number = 10. In
the wave-only condition, the minimum $/D,, values of 0.105 and
0.128 were observed for square piles oriented with 90 deg and
45 deg, respectively. This happens due to the generation of
smaller wake vortices around the pile under the wave-only condi-
tion, which may result in comparatively lower scour formation
around the pile in comparison to the combined wave—current con-
dition. For U,,,=0.2, the S/D,, values of 0.166 and 0.179 were
obtained for square piles oriented with 90 deg and 45 deg,
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Fig. 14 Three-dimensional view of the sediment bed and free surface at the square pile with 90 deg and 45 deg orientation under

different U.,, parameters for a fixed KC =10

respectively. The results indicate that the increase in U,.,, parameter
leads to higher scour depth. Furthermore, in the case of U,,,=0.4,
S/D,, values of 0.245 and 0.213 were observed for square piles ori-
ented with 90 deg and 45 deg, respectively. In this case, the pres-
ence of a mild current component increases the impact of U,
parameter, resulting in an increase in scour compared to the sce-
nario of waves coupled with weak currents (U, =0.2).

Journal of Offshore Mechanics and Arctic Engineering

Finally, for U,,,= 0.6, the S/D,, values of 0.400 and 0.383 were
observed for square piles oriented with 90 deg and 45 deg, respec-
tively. In this case, the presence of a strong current component
increases the intensified effects of waves and current acting
together, leading to a significant increase in scour compared to
the scenario of waves combined with weak or mild currents. It
can be observed that the square pile oriented at 45 deg has a
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Fig. 15 The contour plots of bed topography around 90 deg and 45 deg oriented square piles under varying U,,, parameters for
KC=18

higher S/D,, value in comparison to the square pile oriented at
90 deg under U.,, values 0 and 0.2. However, the square pile ori-
ented at 45 deg has a lower S/D,, value than the square pile oriented
at 90 deg under waves superimposed on a mild and strong current
(U.,,=0.4 and 0.6) for a fixed KC number 10. It is evident that
waves combined with mild or weak currents have a significantly
less impact on the scour depth than waves combined with strong
currents.

Figure 20 depicts the temporal change in S/D,, at square pile ori-
ented with 90 deg (shown in Fig. 20(a)) and 45 deg (shown in
Fig. 20(b)) under varying U., parameters for KC=18. In the
wave-only condition, the minimum S/D,, values of 0.400 and
0.339 were observed for square piles oriented at 90 deg and
45 deg, respectively. The generation of smaller wake vortices
around the pile under the wave-only condition results in lower
scour hole formation in comparison to the wave—current condition.
For U.,,=0.2, the S/D,, values of 0.435 and 0.405 were observed
for square piles oriented at 90 deg and 45 deg, respectively. The
increase in U,,, parameter from O to 0.2 leads to a gentle increase
in the scour depth with respect to U..,, = 0. Similarly, for U,,,=0.4,
the S/D,, values of 0.478 and 0.416 were obtained for square piles
oriented at 90 deg and 45 deg, respectively. In this case, the pres-
ence of a mild current component increases the impact of U,
parameter, resulting in a gentle increase in scour compared to the
scenario of waves coupled with weak currents (U, =0.2).

Furthermore, for U,,, = 0.6, the S/D,, values of 0.480 and 0.441
were obtained for square piles oriented at 90 deg and 45 deg,
respectively. In this case, the presence of a strong current

031201-16 / Vol. 148, JUNE 2026

component increases the effects of wave—current flows and leads
to a higher increase in scour depth compared to the U, =0, 0.2,
and 0.6 till #/7T,=0.7 (2520 s) in both orientations of the square
pile. However, as the #/T, exceeds 0.7, there is a fall in equilibrium
scour depth, which may occur due to the backfilling of sediments. It
can be observed that the square pile with orientation of 90 deg has a
higher S/D,, value in comparison to the square pile oriented at
45 deg for all U,,, values at KC=18. The effect of U,,, becomes
almost negligible compared to other KC numbers used in the
present study. This observation suggests that for higher KC
numbers, such as KC=18, the current component’s role
becomes insignificant compared to smaller KC numbers, such as
KC=3.9,5.75, and 10. The findings obtained in this study are con-
sistent with the findings obtained by Sumer and Fredsge [23].

3.3 Effect of U, and KC Number on Square Pile Scour.
Sumer and Fredsge [23] reported that the nondimensional parame-
ters such as U,,, and KC number affect the formation of scour in
wave—current flows. The present study investigates the pile scour
phenomenon with varying U, (0, 0.2, 0.4, and 0.6) and KC
numbers (3.9, 5.75, 10, and 18). Therefore, the influence of U..,,
and KC numbers on S/D,, values for both orientations of square
piles (90 deg and 45 deg orientations) is shown in Fig. 21.

The variation of S/D,, value with U, parameter for square piles
oriented at 90 deg is shown in Fig. 21(a). A gentle increase in S/D,,
values can be found for low KC regimes with an increase in U.,,
value from O to 0.4. As U,,, parameters increase from 0.4 to 0.6,
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Fig. 15 Continued

the S/D,, values also increase rapidly for low KC numbers (e.g., KC
=3.9, 5.75, and 10). This is mainly due to the presence of strong
HSV in front of the pile, even in the case of a weak current.
However, a mild increase in S/D,, values can be observed for a
higher KC regime (e.g., KC=18) with an increase in U,,, value
from O to 0.2 at the square pile oriented at 90 deg. Furthermore,
the S/D,, value becomes almost constant with an increase in U..,,
values from 0.2 to 0.6 in the higher KC regime. It is evident that
the S/D,, value increases with an increase in KC number for the
90 deg oriented square pile for a fixed U,,. Similarly, the effect
of the U,,, parameter on S/D,, can be observed for the square pile
oriented at 45 deg (Fig. 21(b)). However, a larger scour depth
can be observed around the square pile oriented at 45 deg com-
pared to the square pile oriented at 90 deg in the lower KC
regime (KC < 10).

The variation of S/D,, with KC number for a square pile oriented
at 90 deg is shown in Fig. 21(c). It is evident that for a specific
value of U,,, an increase in the KC number results in an increase
in the S/D,, values. The measured S/D,, values versus the KC
number exhibit distinct curves for different values of U,,. As
KC increases to 100 (steady current case), these curves converge
toward a common asymptotic value. This indicates that regardless
of the specific range of U,,, the ultimate scour depth reaches a
constant level at higher KC values. According to Sumer et al.
[31], the higher U, with a smaller KC number can generate a
stronger HSV, leading to a deeper scour formation around the
pile. Similarly, the KC number equals 3.9 with a strong current
superimposed on waves (U,,, =0.6) and has a higher S/D,, value
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of 0.2277 than the KC number of 10 with waves combined with
weak currents (U, =0.2).

Similarly, the effect of the KC number on S/D,, can be observed
for the square pile oriented at 45 deg (Fig. 21(d)). However, a
larger scour depth can be observed around the square pile oriented
at 45 deg compared to the square pile oriented at 90 deg in the
lower KC regime (KC<10). The results obtained in the present
investigation validate the effect of U,.,, and KC numbers on S/D,,
values and are in line with previous studies by Sumer et al. [29].
In conclusion, the study investigates the effect of KC number
and combined wave—current (U,,) parameter on square pile
scour, which demonstrates that the increase in KC and U.,,, param-
eter increases the scour around piles with different bed
topographies.

3.4 Effect of Fr, on Pile Scour. To determine the S/D,,
values in wave—current flows, the Fr, is identified as an essential
parameter by Qi and Gao [22]. The generation of HSV and wake
vortex is mostly responsible for scour hole formation around
piles, which are strongly related to the Fr,. The variation of S/D,,
with respect to the Fr, value is shown in Fig. 22.

The variation of S/D,, with respect to Fr, for both orientations of
square pile in the combined wave—current condition is shown in
Fig. 22. It is evident that the S/D,, value rises rapidly initially for
Fr, (i.e., 0-0.4) for both square pile orientations. Further increase
in the Fr, value leads to an asymptotic or constant value of the S/
D,, parameter. For the square pile oriented at 90 deg, the S/D,,
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Fig. 16 Three-dimensional view of the sediment bed and free surface at the square piles with 90 deg and 45 deg orientation
under different U,,, parameters for a fixed KC=18

asymptotically approaches a value of 0.6, whereas for the square  (16), respectively.
pile oriented at 45 deg, the asymptotic value is slightly lower,
around 0.5. These differences highlight the influence of pile orien-

tation on the S/D,, values. The numerical S/D,, values (shown in S/D,, =0.227 x In (Fr,) + 0.592
Fig. 22) can be expressed in terms of Fr, for both orientations of (15)
square piles using the fitting curves provided in Egs. (15) and (0.075 < Fr, <0.772, 3.9 <KC <18)
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(3) Square pile with 90° orientation (KC =3.9) {b) Square pile with 45° orientation (KC = 3.9)
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— [/ =0 (Wave only) —_— U/, = 0(Wave only)
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Fig. 177 Temporal change in S/D,, at square pile with (a) 90 deg and (b) 45 deg orientations for

KC=3.9
(a)  Square pile with 90° orientation (KC' = 5.75) (b) Square pile with 45° orientation (KC = 5.75)
0.8 0.8
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Fig. 18 Temporal change in S/D,, at square pile with (a) 90 deg and (b) 45 deg orientations for
KC =5.75

(a) Square pile with 90° orientation (KC = 10) (b) Square pile with 45° orientation (KC = 10)

0.8 0.8
— [/ =0 (Wave only) —_— [/ =0 (Wave only)
_— U, =02 _ U, =02
06 — U, =04 0.6 — U, =04
—_ U, =06 —_U,=06
S 04+

0.2+

0
0 02 04 06 08 1

Fig. 19 Temporal change in S/D,, at square pile with (a) 90 deg and (b) 45 deg orientations for
KC=10
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(a) Square pile with 907 orientation (KC = 18)
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Fig. 20 Temporal change in S/D,, at square pile with (a) 90 deg and (b) 45 deg orientations for

KC=18

S/D,, = 0.185 X In (Fr,) + 0.520

(16)
(0.075 < Fr, <0.772, 3.9 <KC < 18)

Figure 23 compares the equilibrium scour depth normalized by
pile width (S/D,,) obtained from the present numerical simulations
for a square pile under wave-only conditions with the empirical for-
mulations proposed by Sumer and Fredsge [76]. The results are
shown for two pile orientations such as 45 deg and 90 deg with

(@)
1.3
ig O E g
g‘: 0.14 ' é %
= 90° orientation
O KC=39
0.01 5 A KC=5.75
] & KC=10
O KC=18
0.001 47— T y

0 02 04 06 08 1
b?

ow

()

9(° orientation

7% o
0.1+ O U, =0
3 A U, =02
o U,=04
ou, =06
0.01 ———r
1 10 100
KC

respect to the wave direction. For both orientations, the normal-
ized scour depth increases with the KC number, indicating the
growing influence of flow reversal and vortex shedding at
higher KC values. The present CFD results for the square
pile show good qualitative agreement with the empirical
trends of Sumer and Fredsge (2002), though slight deviations
are observed due to the difference in pile orientation. At
lower KC values (3.9 and 5.75), the scour depths remain

(b)
I 5
O O O g
4 A &
S 0148 8 ©
“ 45° orientation
1 O KC=39
0.01 5 A KC=575
o KC=10
O KC=18
0.001 Y———F— T T
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q': o .
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Fig.21 Variation of S/D,, with U,,, for square pile for (a) 90 deg and (b) 45 deg orientation. Var-
iation of S/D,, with KC number for square pile for (c) 90 deg and (d) 45 deg orientation.
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Fig.22 The variation of S/D,, versus Fr, for both orientations of
the square pile
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Fig. 23 Comparison of normalized equilibrium scour depth
(S/D,,) with KC number for square piles under the wave-only
condition. Results from the present study are shown for
45 deg and 90 deg pile orientations and compared with the
empirical equations of Sumer and Fredsoe [76].

relatively small, while for KC numbers greater than or equal to
10, scour depth increases more rapidly, particularly for the
90 deg orientation. The scour depth at 45 deg orientation is con-
sistently lower than that at 90 deg, suggesting that flow separa-
tion and vortex intensity are reduced when the pile face is
inclined to the incoming wave.

4 Conclusions

This study investigates the scour phenomenon around square
piles placed at 45 deg and 90 deg angles using a three-dimensional
CFD model with the LSM technique. Careful analysis of the
numerical results led to the following main conclusions:

e For low KC numbers (KC<10), larger scour depths are
observed around square piles oriented at 45 deg compared
to 90 deg. This is primarily due to vortex shedding, which
begins at KC >4 for 45 deg orientations and KC>11 for

Journal of Offshore Mechanics and Arctic Engineering

90 deg orientations. However, at a larger KC number (KC =
18), the larger depths are observed around square piles ori-
ented at 90 deg compared to 45 deg. This is mainly due to
wave-induced forces domination at 90 deg orientation,
which causes greater flow separation and turbulence around
the pile, leading to intensified scour compared to the stream-
lined 45 deg orientation.

e The wave—current parameter (U,,) strongly affects the scour
depth (S/D,,) around both orientations, when the KC number
is low (KC <10). Scour depth increases gradually as U,
increases from O to 0.4 and then rises rapidly. However, at
higher KC numbers (KC=18), the influence of U,
becomes negligible due to the dominant role of wave-induced
forces in the scour process.

e S/D,, values of the square pile oriented at 45 deg are greater
than those of the square pile oriented at 90 deg for U, <
0.2. However, the S/D,, values of the square pile oriented
at 90 deg become greater than those of the square pile of
orientation 45 deg for U,,,>0.2. This may mainly be due to
the formation of asymmetric flow separation and stronger
vortex shedding around the square pile oriented at 45 deg
for U, <0.2.

e S/D,, values show a good correlation with the Fr, for a wide
range of KC (3.9<KC< 18). As the Fr, increases to 1.0, the
S/D,, value approaches an asymptotic value of 0.6 for
90 deg oriented square pile and 0.5 for 45 deg oriented
square pile. This difference arises because the 90 deg orienta-
tion generates stronger vortices, compared to the 45 deg
orientation.

These findings provide several insights relevant to coastal and
offshore engineering practice. The results indicate that pile orienta-
tion significantly influences local scour formation in combined
wave—current environments. For sites characterized by low KC
numbers or weak to moderate currents, orienting square piles at
45 deg to the flow may reduce local scour and enhance foundation
stability. However, under high KC regimes or strong current-wave
interaction, piles oriented perpendicular to the flow (90 deg) are
likely to experience greater scour and thus require enhanced
protection measures such as collars, rock armoring, or scour
mats. The results also emphasize the importance of considering
the combined effect of waves and currents rather than treating
them independently during the design and assessment of pile-
supported coastal and offshore structures. Incorporating these
hydrodynamic interactions in design guidelines can improve the
prediction accuracy of scour depth and lead to safer and more cost-
effective foundation solutions.

5 Possible Future Research Directions

The present study provides detailed insights into the scour mech-
anisms around square piles with 45 deg and 90 deg orientations in
combined wave—current environments using a validated three-
dimensional CFD model. Nevertheless, several avenues remain
open for future research to further advance the understanding of
scour around coastal and offshore structures.

Future investigations could explore the influence of different
pile cross-sections, such as rectangular or elliptical cross-sections,
as well as pile group configurations, to better understand how
shape-induced flow separation and vortex interactions influence
scour formation. The effect of sediment characteristics also
deserves further attention, as the current work considered
uniform, noncohesive sediment, whereas cohesive or mixed sedi-
ments could provide more realistic insights applicable to natural
seabeds where composition varies.

In addition, extending the analysis to irregular, oblique, or
multidirectional wave—current interactions would enhance the
applicability of the findings to real coastal environments.
Studies incorporating variations in wave height, spectral wave
distributions, and turbulence intensities could also yield a more
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comprehensive understanding of scour evolution. Additionally,
investigating scale effects through controlled laboratory testing
and field-scale validation would help establish greater confidence
in the numerical model’s predictive capabilities for prototype struc-
tures such as bridge piers, offshore wind foundations, and harbor
piles. Finally, the inclusion and evaluation of scour countermea-
sures, such as collars, riprap, or artificial mats, under combined
wave—current flows could provide valuable design guidance for
coastal engineers.
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