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Abstract

Wave-induced scour around monopile foundations poses a critical challenge for offshore wind turbine design, affecting stability,
serviceability, and maintenance costs. Despite extensive experimental studies, high-fidelity numerical tools are still needed to capture
complex interactions between wave kinematics, sediment transport, and pile geometry. This study presents a numerical investigation of
scour depth around slender monopiles under regular wave conditions. A validated three-dimensional CFD model (FLOW-3D) employing
the Volume of Fluid method and RNG k-¢ turbulence closure was used to simulate wave-structure-seabed interaction. Sediment
transport was modeled using the Meyer-Peter and Muller bedload formulation and an advection-diffusion equation for suspended load.
The influence of the Keulegan-Carpenter (KC) number was examined for KC = 8.8-24, covering inertia- and drag-dominated regimes.
Results showed that higher KC values intensified vortex-induced sediment transport and scour, while lower KC values led to gradual
development. A marked increase occurred beyond KC = 14, indicating a regime shift in flow-sediment interaction. Grouped-cylinder
cases at G/D = 1 and 2 showed that narrow spacing produced mutual sheltering and reduced scour, whereas wider spacing caused
deeper localized erosion. Single monopile predictions matched experimental data and empirical formulas, demonstrating the model's

predictive capability. These findings emphasize the strong KC dependence of scour and suggest that spacing ratios above G/D = 1.5 may

help mitigate adverse group effects in array layouts under oscillatory wave forcing.
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1 Introduction
Monopile foundations have gained prominence in offshore
engineering, particularly with the global expansion of off-
shore wind energy. While monopiles offer structural sim-
plicity and ease of installation, theirinteraction withmarine
environments introduces notable engineering challenges.
In particular, slender monopiles — those with diameters
significantly smaller than the incident wavelength — can
experience flow regimes dominated either by inertia or
drag, depending on the Keulegan—Carpenter (KC) number.
As the KC number increases, drag forces become more
influential, altering the flow behavior around the mono-
pile and contributing to vortex shedding, sediment trans-
port, and ultimately, scour formation.

Scour is a serious concern for offshore foundations, as it
may compromise structural stability and lead to increased
fatigue or even failure in extreme conditions [1, 2].

This makes it essential to understand and predict scour
behavior accurately, especially as offshore wind proj-
ects are developed in deeper and more energetic waters.
Although extensive research has been conducted on scour
around marine structures such as pipelines and bridge
piers [3-5], studies focusing specifically on monopiles
under wave action remain limited. However, several recent
studies have contributed valuable insights into monopile
scour under wave conditions. Ye et al. [6] experimentally
examined the coupled response of monopiles, seabed, and
waves under varying sea conditions, while Guo and Lo [7]
numerically investigated wave interaction with cylinders
over mud beds. Xu and Huang [8] addressed the effects
of solitary-wave-induced scour and pile spacing experi-
mentally. Additionally, Zhang et al. [9] and Ma et al. [10]
employed CFD-DEM coupling methods to simulate
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and validate local scour development around monopiles,
demonstrating the advantages of hybrid numerical tech-
niques in capturing complex sediment dynamics.

The mechanics of scour around cylindrical structures have
long been of interest. Seminal studies by Sumer et al. [11]
and Whitehouse [12] examined the influence of pile diam-
eter, water depth, and wave parameters, and emphasized
the importance of horseshoe and lee-wake vortices in the
development of scour. Later, Melville and Coleman [13]
and Sumer and Fredsee [14] advanced this understanding
by exploring the interactions between hydrodynamic forces
and seabed erosion. More recently, Fowai et al. [15] evalu-
ated the performance of offshore wind turbine (OWT) foun-
dations, noting how foundation type can influence prelim-
inary design. While the present study does not investigate
structural countermeasures, previous work has shown that
modifications such as collars may reduce local scour [16].

Scour timescales have also been studied extensively
in recent years, particularly in connection with the
KC number. Petersen et al. [17] introduced design tools
that account for the combined effects of waves and cur-
rents. Zhang et al. [18] conducted detailed experiments
on the dynamic characteristics of monopile foundations
under local scour induced by combined wave and current
interactions, emphasizing the increase in scour depth and
structural response under such conditions.

Sumer et al. [19] proposed empirical expressions to predict
backfilling times in various flow conditions. Chen and Li [20]
developed a formulation suited for steady current condi-
tions but adaptable to wave scenarios. Later, Chen et al. [21]
emphasized the role of scaling laws in predicting scour
depth and time evolution, while Larsen and Fuhrman [22]
offered a new empirical expression for equilibrium scour and
timescales. Although some recent studies have addressed
time-dependent scour behavior under unsteady flow condi-
tions, such as those on bridge piers exposed to flood hydro-
graphs [23], research remains limited for monopiles sub-
jected to wave-dominated environments. These contributions
underscore the ongoing need for models that perform reliably
under a wide range of marine conditions.

Computational Fluid Dynamics (CFD) has become an
essential tool for examining these complex interactions
in detail. CFD enables three-dimensional modeling of
fluid and sediment dynamics around monopiles, provid-
ing insights that complement or extend beyond physical
experiments [24, 25]. Despite its advantages, CFD-based
prediction of scour remains challenging, particularly at
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low KC numbers where inertial effects dominate and flow
displacement per wave cycle is limited [20]. This lim-
itation often results in discrepancies between numerical
and experimental findings. For instance, Zhao et al. [26]
developed a finite element approach to simulate wave-in-
duced scour, accounting for wave diffraction and steady
streaming effects, and showing how KC and sediment
properties affect scour progression.

Building on such studies, the present research employs a
three-dimensional CFD model based on the Navier—Stokes
equations and a Volume of Fluid (VOF) method to sim-
ulate the coupled interaction of waves, flow, and sedi-
ment transport around slender monopiles. In addition to
examining scour under various KC regimes, this study
also investigates the effect of monopile grouping — an area
with limited existing research — by analyzing different pile
spacing ratios. By validating the CFD model with experi-
mental data from Sumer et al. [11], the study explores how
KC number and Shields parameter influence scour depth
and timescales in wave environments. The findings aim to
contribute to both fundamental understanding and practi-
cal design guidance for offshore wind turbine foundations.

While previous studies have primarily addressed wave-in-
duced scour around single monopiles, often within a limited
range of flow conditions, this study aims to complement the
existing literature by applying a validated CFD model across
varying KC regimes, including both drag- and inertia-dom-
inated cases. Additionally, the effect of monopile group-
ing — less frequently explored in wave-only conditions — is
examined through simulations at two different spacing
ratios. Although the modeling techniques are based on
established methods, the structured application across mul-
tiple configurations and the direct comparison with experi-
mental and empirical results provide additional insight into
scour behavior. The study is intended to support preliminary
design considerations by clarifying how pile arrangement
and flow regime interact to influence seabed response.

The selected KC values (8.8, 14.6, and 24) were derived
by adjusting the flow velocity while keeping the wave
period (T'= 4.5 s) and monopile diameter (D = 0.1 m) con-
stant. KC served as the primary hydrodynamic control
parameter to examine regime-dependent scour behavior
around single monopiles. For the grouped monopile cases,
a representative KC = 13 condition was selected to isolate
the effects of pile spacing under controlled wave forcing.
This setup captures flow—sediment interaction scenarios
relevant to shallow-water monopile foundations.
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2 Methods

The numerical simulations in this study were conducted
using FLOW-3D®, which offers specialized modules for
free-surface flow, sediment transport, and wave—struc-
ture interaction modeling. The model solves the incom-
pressible Navier—Stokes and continuity equations using
the Volume of Fluid (VOF) method to track the air—
water interface. Turbulent flow was modeled using the
Renormalization Group (RNG) k—& turbulence model,
which is suitable for capturing complex near-wall flow
structures around cylindrical bodies.

Sediment transport and scour development were simu-
lated by implementing the Meyer—Peter and Miiller bed-
load transport formula. The Shields parameter () was
used to determine the initiation of sediment motion, with
transport triggered once the local shear stress exceeded a
critical threshold (6, ). In each computational cell, hydro-
dynamic forces acting on sediment particles — including
bed shear stress and drag — were evaluated to model both
suspended load and bedload transport.

The computational domain was discretized using a
structured mesh, with local refinement in the vicinity of the
monopile to resolve near-bed velocity gradients and vor-
tex structures. Key flow parameters such as the Keulegan—
Carpenter number (KC) and the Shields parameter were
used to characterize flow regimes and sediment mobility.
Simulations were conducted for KC numbers greater than
or equal to 6, focusing on drag-dominated conditions typi-
cal of slender monopiles in wave environments.

Model performance was assessed by comparing
numerical predictions to experimental results reported
by Sumer et al. [11] and Larsen and Fuhrman [22]. Both
the equilibrium scour depth and the non-dimensional time
scale T" were evaluated to verify the accuracy of the simu-
lations in capturing scour progression over time.

This methodology provides a robust framework for sim-
ulating wave-induced scour and sediment transport around
slender monopiles, with particular emphasis on the role of
hydrodynamic parameters in controlling scour dynamics.

2.1 Numerical model

The numerical analysis was conducted using a CFD model
that solves the incompressible Navier—Stokes and conti-
nuity equations over a structured mesh domain surround-
ing the monopile. Wave—structure interaction at the air—
water interface was modeled using the Volume of Fluid
(VOF) method, which is widely applied for capturing
free surface dynamics under wave action. To represent

the monopile geometry within the computational domain,
the Fractional Area—Volume Obstacle Representation
(FAVOR) method [27] was employed. The combination
of VOF and FAVOR, together with porosity-based func-
tions, enabled detailed modeling of near-field fluid—struc-
ture interaction.Turbulence effects were simulated using
the Renormalization Group (RNG) k—¢ model, which is
suitable for capturing separated and recirculating flow
patterns around cylindrical bodies. Sediment transport
was modeled through the Meyer—Peter and Miiller for-
mulation for bedload, with sediment motion triggered
when the Shields parameter exceeded a critical thresh-
old. Mesh refinement was applied near the monopile to
resolve near-bed velocity gradients and sediment trans-
port more accurately. This localized refinement contrib-
uted to improved prediction of flow behavior and scour
development around the structure.

2.1.1 Governing equations

The numerical model is based on the conservation of mass
and momentum for incompressible fluid flow. These gov-
erning equations form the foundation of computational fluid
dynamics (CFD) and consist of the continuity equation:

Ou,

=0, 1
o (1)

where u; is the velocity component and x, is the spatial
coordinate.
The incompressible Navier—Stokes equations are
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here, P is the pressure, p is the fluid density, v is the kine-
matic viscosity, and u,'_u; represents the Reynolds stress
tensor. The strain rate tensor Sij which characterizes the
deformation rate of fluid elements, is defined as:
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The Reynolds stresses are modeled using the eddy vis-
cosity concept:
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In Eq. (4), v, is the turbulent (eddy) viscosity, & is the

turbulent kinetic energy, and 51./. is the Kronecker delta,
defined as 51.]. =1 when i = and 51.1. = 0 otherwise.



All equations were discretized using the finite volume
method, which ensures local conservation and is well
suited for complex boundaries such as wave—structure
interactions [28].

2.1.2 Turbulence model
Turbulence was modeled using the Renormalization
Group (RNG) k—e¢ formulation, which provides a bal-
ance between accuracy and computational efficiency. This
model is an enhanced version of the standard k—& approach
and incorporates statistical renormalization to better cap-
ture small-scale turbulence effects, especially in regions
with high strain rates or rapidly changing flow fields [29].
These features are particularly relevant for wave—struc-
ture interactions, where flow separation and vortex shedding
around the monopile generate localized turbulent structures.
Compared to more advanced models such as Large Eddy
Simulation (LES), the RNG model offers reasonable accu-
racy with significantly reduced computational cost [30].
Additionally, the RNG k—¢ model includes modifications
that improve its ability to simulate flow separation, recircula-
tion zones, and streamline curvature—conditions frequently
encountered around monopiles under wave loading. This
enhanced capability contributes to more realistic turbulence
representation and improves the prediction of scour depth.
Near-wall treatment in the RNG k—& model was imple-
mented using standard wall functions. This method
enables efficient estimation of bed shear stress by avoiding
the need to fully resolve the viscous sublayer, while still
capturing the essential dynamics of sediment mobilization
near the seabed. This choice is consistent with previous
scour studies where RNG k—¢ yielded reliable results [9].
While more advanced models like LES could offer finer
resolution of turbulent structures, RNG k—¢ offers a prac-
tical balance between accuracy and computational cost for
engineering-scale scour simulations.

2.1.3 Sediment and bed load transport model

Accurate modeling of sediment transport is essential for
predicting scour development around the monopile. In this
study, transport processes were represented using empir-
ical and theoretical formulations that relate sediment
motion to local hydrodynamic conditions.

Bed shear stress and drag forces were evaluated in each
computational cell. Sediment motion was initiated when
the dimensionless Shields parameter € exceeded a critical
value 6 _. The bedload transport rate was calculated using
the Meyer—Peter and Miiller formula:
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where @ is the dimensionless transport rate and £ is an
empirical coefficient that varies depending on the intensity of
transport. The value of £ is an empirical coefficient, assumed
to be 8 in this study for moderate transport conditions.

The corresponding volumetric sediment transport rate
g, can be written as:

1/2
. :Q[gudf} , ©)
p

where g is the acceleration due to gravity, p_is the density
of the sediment, p is the fluid density, and d_is the sedi-
ment particle diameter. Sediment properties such as grain
size, density, critical shear stress, and angle of repose were
incorporated as input parameters [31].

Suspended sediment transport was modeled using the
advection—diffusion equation:

% +V-(uC,) = Diffusion , (7
where C_ is the sediment concentration and u is the local
fluid velocity.

In this study, the critical Shields parameter 6 was
set to 0.047, consistent with the sediment properties and
flow regime modeled. This value of 6, was specified as
a user-defined input, ensuring accurate representation of
the threshold shear stress required to initiate sediment
motion. The direct specification of 6, allowed for calibra-
tion of the model against expected transport conditions,
providing a robust foundation for the prediction of scour
depth and sediment displacement around the monopile.

2.1.4 Scour depths
Scour depth predictions were based on simulations con-
ducted for Keulegan—Carpenter (KC) numbers equal to
or greater than 6, where flow becomes increasingly influ-
enced by vortex formation and sediment mobilization.
Under such conditions, the equilibrium scour depth was
estimated using the empirical expression:
S 1.3{1-exp[-0.03(KC-6)]}; KC=>6 ®)
D

This equation predicts the relative scour depth S/D as
a function of the KC number and is widely adopted in
wave-induced scour assessments. The simulation results
confirmed that scour depth increases with KC, consistent
with the growing influence of wave-induced vortices.
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For higher KC wvalues, particularly around slender
monopiles, the flow becomes drag-dominated, result-
ing in enhanced vortex structures such as horseshoe and
wake vortices. These features significantly contribute to
sediment entrainment and deeper scour at the monopile
base. Although detailed flow structures were not directly
visualized, the resulting scour patterns align with trends
reported in earlier experimental and numerical studies.

Previous research by Sumer and Fredsee [14], among oth-
ers, emphasized the importance of KC in governing scour
development. The present results support these findings and
demonstrate the reliability of the empirical approach in cap-
turing key aspects of wave-induced scour behavior.

2.2. Mesh convergence study

To ensure the accuracy of wave generation in the numerical
model, a preliminary simulation was performed using an
open domain without any structural elements. This setup
was used to validate the model's ability to replicate key
wave characteristics — namely wave height, period, and
wavelength — in accordance with theoretical expectations
based on linear wave theory.

A grid convergence study was conducted by test-
ing several spatial resolutions: 0.05 m, 0.04 m, 0.03 m,
and 0.02 m. The resulting free surface elevations from
each simulation were compared against theoretical predic-
tions. As illustrated in Fig. 1, finer grid resolutions led to
improved agreement with the expected wave profile.

Among the tested configurations, the grid size of
0.02 m produced the most accurate results, closely match-
ing the theoretical wave behavior and providing a smooth,
well-resolved free surface. Based on this outcome, the
0.02 m resolution was selected for all subsequent simu-
lations involving wave—structure interactions. This grid
size was applied uniformly across the entire computa-
tional domain without any local refinement, as illustrated
in Fig. 2. Using this uniform grid and the known model
dimensions, the total number of cells in the final mesh was
approximately 2.1 million.
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Fig. 1 Grid convergence study
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Fig. 2 Numerical model setup showing mesh distribution: (a) numerical

model profile view, (b) top view of the numerical model

This mesh convergence validation is a critical step, as it
confirms the model's capacity to accurately simulate wave
propagation in a controlled environment. Establishing this
accuracy provides a strong foundation for confidence in
the results of more complex simulations, such as those
involving monopile-induced scour.

2.3 Numerical model setup

To replicate the conditions observed in the experimen-
tal study by Sumer et al. [11], a numerical model was
constructed with careful attention to geometric fidelity
and physical parameters. The model configuration was
designed to closely match the laboratory setup, ensuring
consistency in wave conditions, structural placement, and
sediment properties. Figs. 3(a) and 3(b) present the top and
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Fig. 3 The experimental set-up by Sumer et al. [11]: (a) top view,

(b) side view



side views of the experimental arrangement, respectively,
serving as visual references for the spatial domain.

The simulation was carried out for a duration of
3600 sec, with emphasis on accurately modeling sediment
scour, turbulence behavior, and mesh resolution. The RNG
k—¢ turbulence model was employed, as it is widely recom-
mended in the literature for simulations involving wave—
structure interactions. Its ability to represent turbulent flow
in the vicinity of cylindrical structures makes it particu-
larly well-suited for modeling scour around monopiles.

Figs. 2(a) and 2(b) show the profile and top views of the
developed numerical model, highlighting the computational
mesh distribution. The simulation domain dimensions were
set to 28.0 m in length, 2.0 m in width, and 1.0 m in height.
A monopile with diameter D = 0.10 m was placed at the
domain center, consistent with the experimental configura-
tion. To minimize artificial wave reflections, a wave absorber
was incorporated at the end of the domain. The final mesh
consisted of a uniform grid with a cell size of 0.02 m through-
out the entire computational domain, as illustrated in Fig. 2.

The boundary conditions and fluid domain configuration
are shown in Figs. 4(a) and 4(b), including the applied water
level and placement of the wave absorber. Specifically, the
inlet boundary was defined as a velocity inlet using FLOW-
3D's wave generation module to simulate regular wave forc-
ing. This module prescribes orbital velocity profiles based
on linear wave theory to accurately represent wave-induced
flow. The outlet was treated as a pressure outlet to enable
wave transmission and minimize reflection. The top bound-
ary was set as a free-slip surface to represent the air—water
interface. The bottom boundary was modeled as a no-slip
wall with sediment transport enabled to capture scour devel-
opment. Near-wall flow was treated using standard wall

(b)

Fig. 4 Boundary conditions and numerical model configuration:
(a) boundary conditions of numerical model, (b) numerical model with
fluid elevation and wave absorber
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functions within the RNG k—e¢ turbulence model, enabling
accurate estimation of bed shear stresses critical for sedi-
ment mobilization and scour evolution.Sediment transport
is governed by local bed shear stresses and critical Shields
parameter, enabling dynamic bed morphology evolution.
The side boundaries were defined as symmetry planes
to reduce lateral constraints on the flow while maintain-
ing numerical stability. These symmetry planes allow the
assumption of lateral flow uniformity and reduce compu-
tational cost. A wave absorber zone was implemented near
the downstream end to attenuate reflected wave energy and
ensure accurate wave—structure interaction. The absorber
works by gradually increasing numerical damping in the
absorption zone to minimize wave reflections. The compu-
tational domain was initialized with a quiescent water sur-
face and a uniform sediment layer. A short pre-run period
was used to stabilize the hydrostatic pressure field and sed-
iment bed before the start of wave generation. Model accu-
racy was evaluated by comparing the numerical predictions
of scour depth and time-dependent scour evolution with the
experimental results of Sumer et al. [11].

Additionally, the simulation outcomes were compared
with the empirical formulations provided by Larsen and
Fuhrman [22], who re-parameterized equilibrium scour
depths and time scales for monopiles under various hydro-
dynamic conditions.

3 Results

This section presents the results of numerical simulations
conducted to analyze wave-induced scour around a mono-
pile, with particular focus on the influence of different
Keulegan—Carpenter (KC) numbers.

Table 1 summarizes the key parameters and results for
the three test cases examined in the study. The parameters
include the KC number, wave period (T'), wave height (),
maximum orbital velocity (U ), and the Shields parame-
ter (9). For each case, the dimensionless time scale (T°) and
the dimensionless scour depth (S/D) are provided, based on
experimental data from Sumer et al. [11], the empirical for-
mulation given in Eq. (8), and the present numerical simu-
lation results. The dimensionless time scale T*, defined in
Eq. (9), is used to normalize simulation duration relative to
wave period and monopile diameter, allowing cross-com-
parison among cases. The final numerical scour depth (S/D)
values were extracted from the simulation results at the end
of each run. Specifically, Figs. 5-7 correspond to the final
scour state for Cases 1, 2, and 3, respectively, and serve as
the basis for the numerical S/D values reported in Table 1.
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Table 1 Summary of simulation parameters, Dimensionless Time Scales (7°) and Scour Depth (S/D) results for different KC numbers

Wave Wave Orbital . . . S/D S/D
. . . Shields Dimensionless . . S/D
Case KC Period Height Velocity Parameter (6) Time (I°) Experiment by Emprical (Numerical)
() (H) ) Sumer et al. [11] (Eq. (8))
Case 1 8.8 2.2s 0.17 m 0.39 m/s 0.14 0.25 0.057 0.10 0.052
Case 2 14.6 45s 0.12 m 0.33 m/s 0.13 1.42 0.22 0.29 0.25
Case 3 24 45s 0.22 m 0.53 m/s 0.22 1.30 0.31 0.54 0.30
008 depths, with S/D = 0.057 in the experiment and 0.052 in the
005 numerical simulation. In contrast, Case 3, with a KC num-
: e .
. . ber of 24, shows deeper scour development, with exper-
£0,04 e o el ® %,° ° imental and numerical values of 0.31 and 0.30, respec-
L] . . .
® ) tively. To quantify the agreement between the numerical
0,02 Experimental . .
" o Numerical model and experimental data, a percentage error analysis
0,00 was conducted based on the final scour depth (S/D) values
0,0 10 2,0 3,0 4,0

Ti"
KC=8.8
Fig. 5 Time development of scour depth from the numerical model for
Case 1 (KC = 8.8), compared to the final equilibrium scour depth from
experimental data by Sumer et al. [11]

0,00 @ KC=14.6 ® Experimental
[ ] ® Numerical
0,10 &
=) ®g 0
b L @
0,20 ® @
® o0 00 o ® ®
0,30
0 1 2 3

T*
Fig. 6 Comparison of the time development of scour depth between
numerical simulations and experimental data for Case 2 (KC = 14.6).
The blue dots represent the experimental results from test number 46 in
Sumer et al. [11].

0,20 .

s/D

0,10

Experimental
® Numerical

0,00 &
1} 1 2 3

™ KC=24

Fig. 7 Time development of scour depth from the numerical model for
Case 3 (KC = 24), compared to the final equilibrium scour depth from
experimental data by Sumer et al. [11]

As shown in Table 1, an increase in the KC number
corresponds with an increase in the predicted scour depth
across all three datasets. Case 1, which represents the
lowest KC number (8.8), corresponds to the lowest scour

in Table 1. The numerical model underpredicts the exper-
imental scour depth by approximately 8.8% for Case 1,
overpredicts by 13.6% in Case 2, and slightly underpre-
dicts by 3.2% in Case 3. The empirical results slightly
overpredict the scour depth in all three cases, particularly
for the higher KC scenarios, which is consistent with find-
ings in the literature that note the empirical model's ten-
dency to estimate upper-bound scour depths.

The results indicate good agreement between the numer-
ical predictions and the experimental observations, particu-
larly in Cases 2 and 3. The slight underprediction in Case 1
may be attributed to challenges in simulating the early
stages of scour development at low KC values, where the
flow is less energetic and vortex-induced transport is weaker.
Overall, the consistency between the numerical and exper-
imental results validates the model's capacity to reproduce
wave-induced scour behavior across a range of flow regimes.

3.1 Scour depth around single monopile

Each simulation was designed to closely replicate the
experimental conditions in order to assess the numeri-
cal model's ability to predict the temporal development of
wave-induced scour. The computed results were validated
against the experimental data reported by Sumer et al. [11]
and compared with empirical predictions to evaluate
model accuracy. Figs. 8—12 are included to qualitatively
illustrate the spatial patterns and progressive development
of scour under wave forcing. Although these figures are
not directly tied to specific KC cases, they help convey
the general flow behavior and scour asymmetry observed
in the simulations. Their role is primarily illustrative,
intended to offer physical context rather than serve as the
basis for numerical analysis.
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Fig. 8 Numerical model domain illustrating wave-induced scour

around the monopile: (a) isometric view of the numerical model domain
showing the monopile and surrounding bed surface among waves,

(b) profile view of bed profile among waves

t=3600s

Fig. 9 Cross-sectional view of the scour around the monopile at 3600 sec,
showing the extent of scour development on the sides of the pile

Fig. 8(a) illustrates an isometric view of the computa-
tional domain, showing the monopile and surrounding sea-
bed subjected to wave forcing. The color gradient represents
scour depth, with red indicating maximum erosion and blue
indicating minimal seabed displacement. This visualization
helps capture the spatial extent of wave-induced scour.

Fig. 8(b) presents a profile view of the wave and seabed.
In this visualization, only the colored region around the
pile was modeled as a scouring bed, and the color-coded
scale provides an intuitive depiction of sediment displace-
ment. This profile highlights how scour develops in the
immediate vicinity of the monopile, where hydrodynamic
forces are strongest.

Fig. 9 offers a cross-sectional perspective of the scour
pit after 3600 sec of simulation. The scour depth distribu-
tion on the sides of the monopile and the local backfilling
behind it are clearly visible. This visualization captures the
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Fig. 10 Isometric views of scour development around the monopile over

time: (a) [sometric view of scour analysis at 3600 s for Case 2, showing
the development of scour around the monopile, (b) isometric view of
scour analysis at 2800 s for Case 1 illustrating the early stages of scour
development around the monopile
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Fig. 11 Streamline visualization around the monopile, demonstrating
the flow patterns and their influence on sediment transport and
scour formation

three-dimensional character of the wave—structure—seabed
interaction and confirms the asymmetry in scour formation.

Fig. 10(a) shows the scour depth around the monopile
for Case 2 at 3600 sec, under moderate KC conditions.
Sediment displacement is clearly evident, particularly on
the lee side of the structure, where vortices intensify sedi-
ment transport. Fig. 10(b) presents the early stages of scour
development for Case 1 at 2800 sec, illustrating limited
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Fig. 12 Final scour depth distribution around the monopile after the
simulation period, illustrating areas of maximum and minimum scour

sediment motion due to lower KC values and weaker flow
dynamics. Together, these figures demonstrate how scour
evolves over time as a function of hydrodynamic forcing.

To further examine flow—scour interactions, Fig. 11 dis-
plays the instantaneous streamline pattern around the mono-
pile for KC = 14.6. The formation of flow separation and
recirculation zones on the lee side is evident. These struc-
tures correspond to regions of enhanced sediment transport
and local erosion. The asymmetry in streamlines reflects the
influence of both inertial and drag forces at this intermediate
KC regime, validating the physical realism of the simulated
scour behavior. These visualizations illustrate flow separa-
tion and recirculation zones on the lee side of the monopile,
suggesting the presence of asymmetric sediment transport
processes that contribute to the observed scour development.

Fig. 12 presents the final scour depth distribution sur-
rounding the monopile, highlighting both maximum and
minimum scour regions. This figure captures the cumu-
lative effect of wave forcing over the simulation duration
and provides a spatially resolved depiction of the pre-
dicted scour pattern.

In the following subsections, each case from Table 1
is analyzed in detail. In all cases, the time-series plots of
scour depth were extracted at a monitoring point located
approximately 0.1 D downstream of the monopile, corre-
sponding to the region of maximum erosion. The results
are compared against experimental measurements and
empirical estimates, allowing for a critical assessment of
the model's strengths in predicting wave-induced scour
and identifying potential areas for improvement.

3.1.1 Case 1

In this scenario, the numerical model was applied under a
low Keulegan—Carpenter (KC) number of 8.8. Simulating
scour under low KC conditions is particularly challeng-
ing due to the short flow excursion length per wave cycle,

which suppresses vortex development and sediment mobi-
lization. In such regimes, bed shear stress often remains
near or below the critical Shields threshold, leading to
intermittent or delayed sediment transport. Additionally,
RNG k—¢ turbulence models may damp out small-scale
vortex structures under low-strain conditions, limiting
the accuracy of near-bed flow predictions. These factors
collectively contribute to conservative scour estimates in
low-KC simulations.

At this KC regime and a moderate Shields param-
eter (0), sediment transport remained limited, and the
numerical model produced a slightly lower scour depth
compared to both experimental and empirical results. This
underestimation is likely associated with the reduced tur-
bulence intensity and the challenges in representing iner-
tia-dominated flow structures.

Fig. 13 illustrates the scour characteristics observed
in the numerical simulation for a monopile with diame-
ter D = 100 mm, wave height H = 17 cm, wave period
T =2.2s, and particle diameter d = 0.18 mm.

Fig. 13 show the scour distribution in plan view and
the variation of scour depth over time. The color gradi-
ent represents scour intensity, with darker blue indicating
deeper scour zones and transitions to yellow and red indi-
cating sediment accumulation. The visual output confirms
that scour had not fully developed to its equilibrium state
by the end of the simulation, suggesting a conservative
numerical prediction at this time step.

The variation of scour depth over time indicates a steady
increase in scour depth, with the rate of change decreasing
significantly after approximately 2500 s — a behavior that
suggests the approach toward an equilibrium condition.
However, compared to higher KC cases, the final asymp-
totic plateau remains less sharply defined, likely due to
the limited and slower sediment transport mechanisms
inherent to inertia-dominated flow regimes. To reflect this
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Fig. 13 Top view of scour analysis at = 3600 s for D = 100 mm,
H =17 cm, wave period 7 = 2.2 s and particle diameter d = 0.18 mm



more clearly, we now interpret the Case 1 result as being
near-equilibrium, rather than strictly non-equilibrium.
This trend is typical for low KC inertia-dominated flows.

As summarized in Table 1, the scour depth ratio S/D
observed experimentally by Sumer et al. [11] was 0.057.
The empirical equation (Eq. (9)) yielded a prediction
of 0.10, while the numerical model returned a slightly
lower value of 0.052. Although the model underestimates
the scour depth, the overall trend aligns with both the
experimental and empirical results.

The observed discrepancy is likely linked to several
interacting factors inherent in modeling inertia-driven
scour: (i) limited bed shear exceedance of the Shields
threshold under low orbital velocities, (ii) intermittent acti-
vation of the bedload transport function, and (iii) possible
underprediction of turbulence intensity due to damping
behavior of the turbulence closure scheme. These chal-
lenges are typical in low KC simulations, where scour
initiates gradually and evolves over longer time scales.
Nonetheless, the consistent pattern of gradual scour growth
and the relatively small deviation from experimental val-
ues mentioned in Table 1 suggest that the numerical model
captures the physical trend effectively. Further refinement
of the turbulence model or transport threshold calibration
could improve performance in this flow regime.

3.1.2 Case 2

In Case 2, the numerical model was evaluated under a
moderate Keulegan—Carpenter (KC) number of 14.6.
While the Shields parameter (¢) remained comparable to
that in Case 1, the increased KC value led to enhanced sed-
iment transport and more pronounced scour development.
Under these conditions, the numerical predictions showed
strong agreement with the experimental data, indicating
that the combination of KC and 6 effectively captures the
scour process in drag-dominated regimes.

¥ . 2
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L 18290000,
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Fig. 14 Top view of scour analysis at = 3600 s for D = 100 mm diameter,
H_ =12 cm, wave period 7, = 4.5 s and particle diameter d = 0.18 mm
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Fig. 14 illustrates the scour development for a monopile
with a diameter of D = 100 mm, wave height H =12 cm,
wave period T = 4.5 s, and sediment particle diameter
d=0.18 mm. Scour measurements were taken at points of
maximum erosion, typically observed along the sides of
the monopile. It shows a well-defined scour pattern with
clear depth variations around the pile. The color gradient
effectively highlights the regions of maximum and mini-
mum scour. In contrast to Case 1, the scour has developed
further and exhibits symmetry consistent with wave-in-
duced flow separation, suggesting improved model per-
formance in this scenario.

Fig. 14 also presents the temporal evolution of scour
depth. The curve shows a steady increase in scour,
with values gradually approaching a stable condition.
The trend suggests that the scour is nearing the equilib-
rium scour depth, indicating the model's capability to
simulate time-dependent scour formation under moderate
KC flow regimes.

The final predicted scour depth ratio in Case 2 was
S/D = 0.25, closely matching the experimental result
of 0.22. Although the numerical prediction (S/D = 0.25) is
qualitatively close to the experimental result (S/D = 0.22),
a relative error of approximately 13.6% is observed. This
level of deviation falls within the typical uncertainty
bounds of sediment scour modeling and experimental
variability. The empirical prediction (0.29) slightly overes-
timated the scour, which may be attributed to its simplified
assumptions that do not fully capture the complexity of
drag-dominated vortex dynamics. These findings demon-
strate that the numerical model is more accurate in repro-
ducing both the magnitude and evolution of scour under
moderate wave conditions, validating its reliability in this
flow regime. The improved agreement in this case may
stem from the model's ability to more accurately resolve
coherent vortex shedding and wake turbulence, which
dominate the scour process in this KC range. The RNG
k—¢ turbulence closure, with its enhanced responsiveness
to strain rates, appears to better capture the intensified bed
shear stress fluctuations driving sediment transport.

3.1.3 Case 3

In Case 3, the numerical model was applied to simu-
late scour around a monopile under a higher Keulegan—
Carpenter (KC) number of 24. Both the KC number and
Shields parameter () reached their highest values in this
scenario, leading to peak sediment transport and more
intense scour development. The numerical results closely
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matched the experimental observations, while the empirical
prediction tended to slightly overestimate the scour depth.

Fig. 15 presents the simulation results for a monopile
with a diameter of D = 100 mm, wave height H =22 c¢m,
wave period 7/ = 4.5 s, and sediment particle diameter
d = 0.18 mm. Scour was monitored at probe points placed
near areas of maximum expected erosion, typically along
the sides of the pile where flow separation and vortex
activity are most intense.

It displays a well-developed scour profile with signif-
icant depth variations. The color gradient clearly indi-
cates deeper scour zones near the pile, consistent with the
presence of stronger wave-induced flow and vortex gen-
eration. These results demonstrate the model's ability to
reproduce the spatial distribution and intensity of scour
under high KC conditions.

Fig. 15 also shows the temporal evolution of scour
depth. The results reveal an initially rapid increase in
scour, followed by a gradual approach toward an equi-
librium scour depth. This trend is typical of drag-dom-
inated flow regimes, where intensified vortex shedding
promotes rapid sediment removal and earlier stabiliza-
tion of scour depth. After the equilibrium stage is reached
(= 1000 s), minor oscillations are observed in the time-se-
ries plot (Fig. 15). These fluctuations may be associated
with localized vortex shedding and sediment recirculation,
which could cause alternating erosion and slight backfill-
ing near the monopile. While not quantitatively examined
in this study, such behavior is consistent with the unsteady
nature of scour development in drag-dominated flows.

In this case, the numerical model predicted a dimension-
less scour depth of S/D = 0.30, in close agreement with the
experimental value of 0.31. The empirical formula (Eq. (8))
yielded a slightly higher value of 0.54, indicating an overes-
timation in this high-energy regime. These findings suggest
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Fig. 15 Top view of scour analysis at # = 3600 s for D = 100 mm,
H =22 cm, wave period 7, = 4.5 s and particle diameter d = 0.18 mm
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that while the empirical approach provides a conservative
estimate, the numerical model more accurately captures the
underlying physics of scour under high KC conditions.

The strong agreement between numerical and experi-
mental results in Case 3 underscores the model's reliability
in simulating wave-induced scour under high KC conditions,
where the flow regime is predominantly drag-dominated
and characterized by stronger vortex shedding and inten-
sified lee-wake turbulence. This suggests that the employed
turbulence and sediment transport models are well-suited to
capture the complex flow—seabed interactions that govern
scour evolution in such energetic environments.

3.2 Validation with experimental and empirical results
To facilitate a clearer evaluation of the model performance,
this section separately compares the numerical results from
Section 3.1 with the available experimental and empirical
data. Each validation case (Cases 1-3) is directly linked
to its corresponding simulation results discussed earlier.
In this section, the numerical simulation results are vali-
dated through comparisons with experimental data from
Sumer et al. [11] and empirical formulations, particularly
the expression in Eq. (8). These comparisons evaluate the
model's capability to predict both the magnitude and tem-
poral development of scour depth under wave-induced
flow conditions. The validation is performed over a range
of Keulegan—Carpenter (KC) numbers, allowing the influ-
ence of flow regime on model accuracy to be assessed.
The analysis focuses not only on the final scour depths but
also on the dimensionless time evolution, which provides
further insight into the progression and rate of scour devel-
opment across different flow intensities.

The temporal evolution of scour was assessed by ana-
lyzing the dimensionless scour depth S/D as a function of
the dimensionless time scale 7, which is a critical param-
eter for characterizing the rate of scour development under
wave action. This parameter incorporates both sediment
properties and hydrodynamic forcing and is defined as:

3

T _Vg(‘;l;)d , ©)
where ¢ is time, g is the gravitational acceleration, p_and p
are sediment and fluid densities, d is the median grain diam-
eter, and D is the pile diameter. This normalization enables a
consistent comparison between numerical and experimental
results across different flow regimes and KC numbers.

InCase 1 (KC=38.8), thenumerical model shows a progres-
sive increase in scour depth over time, eventually converging



to the final equilibrium value reported in the experimental
study by Sumer et al. [11], as illustrated in Fig. 16. It should
be noted that the experimental data provides only this final
scour depth; no temporal data regarding scour initiation or
its time evolution is available. Therefore, any assessment
of scour initiation timing or early-phase behavior is based
solely on numerical results and cannot be directly compared
to experimental measurements.

The relatively slow scour development observed in
the simulation can be attributed to the nature of the iner-
tia-dominated flow regime at low KC values, where fluid
excursion per wave cycle is limited and vortex generation is
weak. These conditions delay the onset of sediment mobi-
lization, making the scour process more gradual and chal-
lenging to capture with high fidelity in numerical models.

Additionally, factors such as numerical diffusivity, near-
bed mesh resolution, and sediment transport modeling — par-
ticularly the use of threshold-based bedload formulations
(e.g., critical Shields parameter) — may lead to delayed sedi-
ment response in the early stages of the simulation.

While the earlier onset of scour observed in similar lab-
oratory conditions may be influenced by unmodeled fac-
tors such as boundary roughness, sediment compaction, or
wave flume effects, the numerical model nonetheless cap-
tures the long-term trend and asymptotic behavior of scour
development consistent with the experimental final value.

In contrast to the low-KC case, model performance
improves significantly in Case 2 (KC = 14.6), where the
flow regime becomes drag-dominated. These conditions
enhance vortex shedding and sediment mobilization, which
are more effectively resolved by the numerical scheme. As
shown in Fig. 6, the model accurately reproduces both the
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Fig. 16 Comparison of 7°/6¥? across varying KC numbers between
the numerical results of this study (black circle) and the empirical data
from Larsen and Fuhrman [22]
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trend and equilibrium scour depth observed in the exper-
imental time-series data. The agreement is particularly
strong in the intermediate and later stages of scour devel-
opment, indicating that the RNG k—¢ turbulence closure
and sediment transport formulation are well-suited to cap-
turing the relevant physical processes in this flow regime.

For Case 3 (KC = 24), the scour process accelerates
under intense wave forcing, driven by dominant drag
forces and energetic vortex shedding. As shown in Fig. 7,
the numerical model rapidly reaches a scour depth that
aligns closely with the final experimental value reported by
Sumer et al. [11]. Because experimental time-series data for
this case are not available, only the final equilibrium depth
can be used for validation. The model's slight early overpre-
diction may stem from enhanced local shear effects induced
by mesh resolution and turbulence closure, yet the predicted
scour stabilizes at a value consistent with the benchmark
data. This result further supports the model's capability in
resolving highly energetic, drag-dominated scour regimes.

To further evaluate the reliability of the model in predict-
ing scour development timescales, the results were com-
pared with the empirical relation proposed by Larsen and
Fuhrman [22], given by: 7 =8 x 10 — 5KC?%. This expres-
sion provides a reference for the expected dimensionless
scour time 7" as a function of the Keulegan—Carpenter
number and serves as a useful benchmark for validat-
ing the temporal dynamics of the numerical simulations.
In this study, the numerically obtained values of T/07?
were plotted against KC and compared to the empirical
trend, as shown in Fig. 16.

The results demonstrate that the numerical predictions
follow the empirical curve closely across all KC values
considered, particularly in the drag-dominated regime
(KC > 10). This agreement confirms that the model not only
captures the final scour depth accurately, but also resolves
the temporal progression of scour in a physically consistent
manner, further validating its predictive capability.

Overall, the validation results confirm that the numer-
ical model provides reliable predictions of both equilib-
rium scour depths and associated timescales across a
broad range of Keulegan—Carpenter numbers. The model
demonstrates increasing accuracy with higher KC values,
where flow becomes more drag-dominated and sediment
transport is driven by well-resolved vortex structures
and recirculation zones. While some underestimation is
observed in low-KC, inertia-dominated conditions — pri-
marily due to limitations in resolving weak vortex shedding
and delayed sediment initiation — the model consistently
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captures the overall trend, magnitude, and progression of
scour. Its ability to reproduce experimental observations
and follow empirical scaling laws underscores its robust-
ness and applicability for practical offshore engineering
scenarios involving wave-induced scour.

3.3 Influence of cylinder grouping on scour patterns
The influence of cylinder grouping on scour development
was investigated through additional numerical simulations
using two spacing configurations: G/D = 1 and G/D = 2,
where G is the center-to-center distance between the mono-
piles and D is the pile diameter. The Keulegan—Carpenter
number was fixed at KC = 13, and other simulation parame-
ters — such as wave period (4.5 s), wave height, water depth,
and sediment properties — were kept consistent with the sin-
gle-cylinder conditions reported in experimental studies.
Fig. 17 presents an overview of the numerical domain and
the spatial arrangement of the grouped monopiles.

The interpretations regarding hydrodynamic interactions
and flow effects in the grouped monopile configurations are
derived from sediment transport patterns and scour profiles
illustrated in Figs. 18 and 19. While direct flow field or vor-
ticity visualizations are not presented, these sediment-based
observations provide valuable indirect insight into the local
flow dynamics and scour mechanisms.

In the case of G/D = 1, the cylinders are closely spaced,
resulting in strong hydrodynamic interaction between
them. Figs. 18(a) and 18(b) illustrate sediment transport
and scour profiles indicating that the region between the
two cylinders has limited sediment movement and rela-
tively stable bed elevation, which suggests reduced flow
velocity and possible vortex effects in that zone. However,
sediment and scour profiles near the downstream cylin-
der indicate stronger local sediment mobilization, which
may be attributed to increased turbulence and flow reat-
tachment. The maximum scour depth in this configura-
tion was approximately S/D = 0.28, which slightly exceeds
the experimentally reported equilibrium scour depth of
S/D = 0.26 for a single pile at the same KC number [11],
indicating a mild amplification effect induced by grouping.

Fig. 17 Numerical domain overview showing the flow field and

cylinder arrangement
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Fig. 18 Scour and sediment transport patterns for the first set of
simulations with G/D = 1: (a) Packed sediment net height change
for cylinders with spacing ratio G/D = 1; (b) Scour profile near

downstream cylinder for G/D = 1.

When the spacing is increased to G/D = 2, each cylin-
der interacts more independently with the incoming wave
field, and the flow interference between them is reduced.
As illustrated in Figs. 19(a) and 19(b), the scour patterns
become more symmetric and less severe. In this configura-
tion, the maximum downstream scour depth was approx-
imately S/D =~ 0.18, which is significantly lower than the
single-cylinder benchmark. This reduction highlights the
sheltering influence of the upstream pile and the stabiliz-
ing effect of increased spacing.

These findings underscore the critical role of pile spac-
ing in shaping local scour characteristics. A smaller spac-
ing ratio (G/D = 1) creates a zone of hydrodynamic shield-
ing between the piles, reducing sediment removal in the
intermediate region but potentially intensifying scour
downstream due to confined flow reattachment. In con-
trast, a larger spacing ratio (G/D = 2) promotes more bal-
anced and independent scour patterns, yet the overall
scour intensity near each pile remains lower.

It is acknowledged that this study focuses exclusively
on a two-pile tandem arrangement under fixed wave con-
ditions, and the conclusions drawn are limited to this
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Fig. 19 Scour and sediment transport patterns for the second set of
simulations with G/D = 2: (a) Packed sediment net height change
for cylinders with spacing ratio G/D = 2; (b) Scour profile near

downstream cylinder for G/D = 2.

specific configuration. Nevertheless, the results provide
valuable insight into local flow interaction mechanisms
and spacing effects within the context of closely spaced
monopile foundations. These insights highlight the impor-
tance of considering group effects in the design and layout
of offshore monopile foundations, particularly for envi-
ronments characterized by oscillatory wave forcing.

4 Conclusions
This study presented a numerical investigation of wave-in-
duced scour around slender monopiles subjected to vary-
ing Keulegan—Carpenter (KC) numbers, using a validated
computational fluid dynamics (CFD) model. The results
showed that higher KC values lead to intensified vor-
tex shedding and increased sediment transport, result-
ing in more severe scour depths. Conversely, lower KC
values were associated with gradual scour development
due to limited flow excursion and weaker vortex activ-
ity. The numerical predictions exhibited good agreement
with experimental data from Sumer et al. [11], supporting
the model’s capability to replicate dominant scour mecha-
nisms under regular wave forcing.

In addition to single-cylinder cases, grouped monopile
configurations with spacing ratios of G/D =1 and G/D =2
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were simulated to examine the effect of pile arrangement
at KC = 13. The results showed that the closer spacing
(G/D = 1) led to deeper scour near the downstream pile,
with S/D = 0.28, whereas wider spacing (G/D = 2) resulted
in a milder response, with S/D = 0.18. These findings
reflect stronger flow acceleration and vortex-induced tur-
bulence within the narrow gap, contrary to the commonly
assumed sheltering behavior. However, it is important to
note that these interpretations are primarily based on sedi-
ment transport and scour profiles, without direct flow field
or turbulence measurements, underscoring the need for
case-specific assessment of vortex dynamics, especially
in tandem arrangements under oscillatory flow.

The CFD model used in this study demonstrated sensi-
tivity to spacing configurations and captured key features
of sediment response in both isolated and grouped scenar-
ios. Although no new design charts or parametric formu-
las were developed, the simulation results offer a reference
for validating future experimental studies and numerical
frameworks focused on offshore foundation scour.

Finally, while the current analysis was limited to reg-
ular wave input and uniform sediment, it provides a basis
for further model development. Incorporating additional
complexities such as irregular wave spectra, combined
wave—current conditions, and variable seabed characteris-
tics would improve applicability to real-world engineering
problems. These limitations highlight the need for caution
in generalizing the present findings beyond the specific
configurations examined. Despite these limitations, the
present findings contribute to ongoing efforts to better
understand scour progression around monopile structures,
particularly in clustered or closely spaced layouts com-
monly found in offshore wind farm development.

Nomenclature

S Scour depth

D Diameter of the monopile

G Gap between cylinders

KC Keulegan-Carpenter  number, related to
wave-induced forces

T Wave period

H, Wave height

U, Orbital velocity

C] Shields parameter

0, Critical Shields parameter (threshold for
sediment motion)

T* Dimensionless time

@ Dimensionless sediment transport rate
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B Empirical coefficient in the sediment transport
calculation

q, Volumetric sediment transport rate

g Gravitational acceleration

P, Sediment density

p Fluid density

d, Sediment particle diameter

A Kinematic viscosity of the fluid
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