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ABSTRACT
Local scour around monopile foundations poses a critical challenge for offshore wind turbines in 
tidal–dominated coastal seas, where hydrodynamics span multiple scales from kilometre-scale tidal 
currents to metre-scale horseshoe vortices. Conventional standalone geophysical fluid dynamics 
(GFD) or computational fluid dynamics (CFD) numerical modelling approaches struggle to resolve 
these cross-scale dynamics with sufficient accuracy and computational efficiency. To address this 
gap, this study extended GFD–CFD coupling from hydrodynamic simulations to sediment transport 
and scour morphodynamics modelling by integrating the unstructured-grid Finite-Volume Commu-
nity Ocean Model (FVCOM) with the two-phase sediment transport solver SedFoam. This framework 
enables monopile scour to be simulated under realistic, time-varying tidal forcing, including flow 
reversal and rotation. The framework was first validated against laboratory flume experiments under 
bidirectional currents, reproducing scour evolution with RMSE values below 0.1 S/D (ratio of scour 
depth to monopile diameter). An idealized rotating tide experiment further showed that near-
circular scour hole morphology was reproduced under flow with constantly varying direction. In a 
real-world application to Laizhou Bay, China, the simulated scour and deposition patterns around the 
monopile closely matched single–beam sonar surveys. The results suggest that tidal current direc-
tion, not residual circulation, governs scour orientation, highlighting the importance of realistic tidal 
forcing in scour modelling. The coupled framework provides a transferable tool for mechanistic and 
engineering assessments of monopile scour under complex coastal hydrodynamics.
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1. Introduction

In recent years, the construction of offshore infrastruc-
ture, such as cross-sea bridges and offshore wind farms, 
has accelerated in response to expanding human activi-
ties and rising energy demand in marine environments 
(Lemasson et al., 2024; Wang, Wang, et al., 2024). Off-
shore wind farms (OWFs) and offshore wind turbines 
(OWTs) constitute a large proportion of offshore infras-
tructure (Zhang, Tian, et al., 2021). Circular monopile 
foundations remain the predominant support type for 
offshore wind turbines (Guan et al., 2022; Jindal et al., 
2024). A major engineering concern is local scour and 
backfilling around monopiles, which can compromise 
foundation stability and increase maintenance demands 
over the service life (Dai et al., 2021; Guo et al., 2022). 
In many offshore and coastal areas, scour relevant hydro-
dynamics are dominated by tides and their interaction 
with waves and background circulation (Geng et al., 
2024; Kazhyken et al., 2021; Niedoroda & Dalton, 1982;
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Qin et al., 2024; Tang et al., 2014), highlighting the need 
for modelling tools that can provide realistic large-scale 
boundary forcing while resolving near field sediment 
dynamics.

A key challenge for engineering prediction is that tidal 
currents in coastal and nearshore regions constantly vary 
in both magnitude and direction. The horizontal veloc-
ity commonly follows a tidal-current ellipse and rotates 
over the dominant tidal period (Kopte et al., 2022; Vin-
denes et al., 2018). This directional variability, together 
with tidal asymmetry and phase lags between flow and 
sediment response, can shift the timing of erosion and 
deposition and yield a non-zero tidally averaged sedi-
ment transport (Chernetsky et al., 2010; Friedrichs & 
Aubrey, 1988). Although many monopile scour stud-
ies conducted under idealized unidirectional currents or 
wave–current interactions can reproduce scour patterns, 
they often neglect tidal forcing (e.g. Ahmad et al., 2015; 
Huang et al., 2009; Solberg et al., 2005). Even when tidal 
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effects are considered, some experiments are simplified 
as sinusoidal reciprocating flows (Shi-Yang et al., 2021) 
rather than realistic tidal ellipses.

A reciprocating tidal flow is a simplification that the 
current oscillates along a fixed axis. A real tidal current, 
by contrast, rotates continuously around a tidal ellipse. 
Therefore, the bed shear stress acts on the pile from all 
directions over a tidal cycle, so that the horseshoe vor-
tex and the resulting erosion are redistributed around 
the structure rather than confined to two opposing sides 
(Whitehouse et al., 2006, 2011). At the same time, the 
absence of a quiescent state during reversal keeps the 
near-bed flow active and prevents the bed from recon-
solidating between half cycles (Allen & Kudrolli, 2018; 
Clark et al., 2015), which alters the threshold for sediment 
remobilization. The interaction of such rotating tidal cur-
rents with complex topography and high suspended sed-
iment concentrations further complicates the near-bed 
hydrodynamics (Li et al., 2024). Recent numerical studies 
also showed that tidal forcing plays an important role in 
regulating sediment suspension and transport in highly 
turbid coastal waters (Zhou et al., 2025). Field observa-
tions under irregular tidal flow further show that scour 
holes around coastal foundations can exhibit asymmet-
ric morphology and frequent depth fluctuations, high-
lighting the complexity of flow–sediment interactions in 
real tidal environments (Zhang, Du, et al., 2023). Conse-
quently, real-world flow–sediment interactions and scour 
morphology may not be fully captured by reciprocating-
flow simplifications.

Flume experiments and numerical simulations are the 
two principal approaches to investigate scour around off-
shore infrastructure (Barrie et al., 2024; Wang, Wu, et al., 
2024; Zhao, 2022). Recent flume studies have acknowl-
edged that the hydrodynamic conditions experienced by 
monopile structures are neither constant nor unidirec-
tional (Guan et al., 2022) and have explored reciprocating 
tidal forcing (Margheritini et al., 2006; Wang, Qi, et al., 
2024; Xiang et al., 2020). These experiments revealed 
periodic scouring and backfilling. They also showed 
that bidirectional forcing can produce different scour 
depths and patterns compared with unidirectional flows. 
Nonetheless, flume experiments remain constrained by 
scale effects and inherent uncertainties (Hu et al., 2022; 
Lamb et al., 2015). Large-scale hydrodynamic processes, 
such as rotating tidal currents and ocean residual circula-
tion, are inadequately represented in flume experiments. 
This limitation restricts their ability to consider com-
plex interactions between hydrodynamics and sediment 
transport around offshore monopile infrastructure.

A growing number of numerical models have been 
developed to simulate the complex interactions between 
hydrodynamics and sediment transport. Geophysical 

fluid dynamics (GFD) models, such as Regional Ocean 
Modeling System (ROMS) and Finite-Volume Commu-
nity Ocean Model (FVCOM), are widely used for long-
term, large-scale simulations at O(102 ∼104m), includ-
ing tidal currents, ocean circulations and sediment trans-
port (Pang et al., 2024; Qu et al., 2016; Tang et al., 2014). 
FVCOM has been applied to estuarine sediment trans-
port and port-area suspended sediment simulations (Jia 
& Yi, 2023; Qi et al., 2023). The ROMS-based coupled 
modelling framework has also been used to assess sedi-
ment dynamics associated with estuarine dams and land 
reclamation, demonstrating its applicability to regional 
sediment-transport problems (Chang et al., 2023). These 
applications demonstrate that GFD models are effective 
for regional-scale hydrodynamic and sediment transport 
processes, but their ability to resolve local structure-
induced scour remains limited by grid resolution and 
hydrostatic assumptions. For example, FVCOM can cap-
ture wake vortices around piles (Herdiansyah et al., 
2019), yet horseshoe vortices remain difficult to resolve, 
partly because most GFD models neglect vertical accel-
eration (Wu & Tang, 2010).

In contrast, computational fluid dynamics (CFD) 
approaches solve the Navier–Stokes equations at high 
spatial resolution and are more suitable for resolving 
small-scale dynamic processes at O(10−1

∼101m) (Zhao 
et al., 2018), including near-bed turbulence, sediment 
entrainment and local scour around engineering struc-
tures. Such CFD approaches are implemented through 
various open-source codes and commercial softwares. 
For example, OpenFOAM is an open-source CFD tool-
box containing multiple solvers for different flow applica-
tions, such as pimpleFoam for local hydrodynamic simu-
lations (Weller et al., 1998). SedFoam is an OpenFOAM-
based Eulerian two-phase solver specifically developed 
for sediment transport, flow–sediment interaction and 
scour modelling (Chauchat et al., 2017), and has been 
applied to apron scour, pipeline scour (Mathieu et al., 
2019) and monopile scour (Nagel et al., 2020) simula-
tions. Another CFD-based framework, REEF3D, has also 
been used for monopile scour, with improved efficiency 
through partial decoupling of hydrodynamic and mor-
phological time scales (Ahmad et al., 2018). Neverthe-
less, these CFD-based simulations remain computation-
ally expensive for realistic large-scale forcing and long 
durations, limiting their direct application to offshore 
environments.

To balance large-scale hydrodynamic forcing with 
small-scale flow–sediment resolution, GFD-CFD cou-
pled modelling frameworks provide a practical approach. 
Growing efforts have been applied to the coupled GFD 
and CFD models around offshore infrastructure (Alvir 
et al., 2022; Lu et al., 2024; Pang et al., 2024; Paulsen 
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et al., 2014; Qu et al., 2019; Tang et al., 2014; Wu & 
Tang, 2010; Zhang, Wang, et al., 2023). However, existing 
studies mainly focused on the hydrodynamics simula-
tion, with the seabed treated as a fixed boundary. As 
a result, scour morphodynamics under realistic, time-
varying tidal forcing has not been addressed within a 
cross-scale coupled framework.

In this study, the existing GFD–CFD framework is 
extended from hydrodynamic simulation to sediment 
transport and scour morphodynamics modelling. This 
extension is achieved by coupling FVCOM with Sed-
Foam, building on the framework of Pang et al. (2024). 
FVCOM provides realistic regional tidal forcing, whereas 
SedFoam resolves local scour evolution around the 
monopile. The model is further evaluated under time-
varying tidal forcing, including flow reversal and rota-
tion.

This study focuses on circular monopile foundations, 
the most widely adopted support type for OWTs (Guan 
et al., 2022; Hou et al., 2022; O’Kelly & Arshad, 2016). The 
remainder of this paper is organized as follows. Section 2 
presents the coupling framework for GFD and CFD mod-
els. The validation of the coupled modelling framework is 
given in Section 3. The testing results of idealized simula-
tions are presented in Section 4. In Section 5, the practical 
application of the proposed modelling framework to an 
offshore wind farm is introduced. Insights and general 
perspectives on this coupled modelling framework are 
discussed in Section 6, and conclusions are summarized 
in Section 7.

2. Models and methodology

2.1. GFD model: FVCOM

The GFD model applied in the coupling framework is the 
Finite-Volume Community Ocean Model (FVCOM), a 
three-dimensional prognostic primitive equation model 
based on an unstructured triangular grid framework 
(Chen et al., 2003). It employs a generalized terrain-
following coordinate system (Pietrzak et al., 2002) for 
vertical discretization, allowing adaptive resolution of 
bathymetric variations. The unstructured mesh allows 
accurate fitting of irregular geometries and flexible grid 
refinement. FVCOM incorporates the Mellor-Yamada 
2.5-level turbulence closure model for vertical mixing 
(Mellor & Yamada, 1982) and the Smagorinsky formu-
lation (Smagorinsky, 1963) as the default horizontal dif-
fusion scheme.

The governing equations include the momentum 
equations (Equations (1)-(3)), the continuity equation 
(Equation (4)), the hydrostatic term in the momen-
tum equation (Equation (5)), the temperature equation 

(Equation (6)), the salinity equation (Equation (7)), and 
the density equation (Equation (8)):
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+ u
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+ w
∂S
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=
∂

∂z

(︃
Kh
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ρ = ρ(T, S, p), (8)

where in the Cartesian coordinate system, velocity com-
ponents are denoted as u (eastward), v (northward), and 
w (vertical). Additional variables include temperature 
(T), salinity (S), and water density (ρ). Pressure terms 
consist of atmospheric pressure at sea level (Pa), hydro-
static pressure (PH), non-hydrostatic pressure (q). Other 
parameters include the Coriolis parameter (f ), gravi-
tational acceleration (g), vertical eddy viscosity coeffi-
cient (Km), and thermal vertical eddy diffusion coefficient 
(Kh). Horizontal momentum, temperature, and salinity 
diffusion terms in the u and v directions are represented 
as Fu, Fv, FT and FS, respectively. The total pressure 
(P) is defined as the sum of atmospheric, hydrostatic, 
and non-hydrostatic pressures (P = Pa + PH + q). Since 
this study adopts the hydrostatic assumption, the non-
hydrostatic pressure is set to q = 0, reducing the total 
pressure is P = Pa + PH . The total water depth is given 
by D = H + z where H is the bottom depth relative to 
the reference level z = 0 and z represents the height of 
the free surface (z = 0).

In particular, in a previous study (Pang et al., 2024), it 
was incorporated to simulate cross-scale flow dynamics 
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around offshore monopile foundations. FVCOM model 
configurations adopted in this study follow Pang et al. 
(2024).

2.2. CFD model: OpenFOAM and sedfoam

The CFD modelling component of this study uses Open-
FOAM, an open-source software tool that offers a set of 
solvers for fluid simulations (Weller et al., 1998). Seabed 
morphological changes and sediment transport are cal-
culated using the SedFoam solver, a three-dimensional 
two-phase sediment transport solver (Chauchat et al., 
2017). SedFoam is an extension of the twoPhaseEuler-
Foam solver in OpenFOAM that provides a number of 
options for modelling intergranular stress based on dense 
granular-flow rheology or the kinetic theory of granu-
lar flows. It has proven to be effective in solving com-
plicated turbulent sediment transport problems through 
extensive testing and validations (Cheng et al., 2018; 
Salimi-Tarazouj et al., 2021).

The mass and momentum conservation equations are 
averaged over the fluid and sediment phases using the 
Eulerian two-phase flow method, incorporating turbu-
lent effects. For both the sediment and fluid phases, the 
mass conservation equations are expressed as follows:

∂α

∂t
+

∂αuai
∂xi

= 0, (9)

∂β

∂t
+

∂βubi
∂xi

= 0, (10)

where α and β (β = 1 − α) represent the sediment and 
fluid volume concentrations, respectively. The velocities 
of the sediment and fluid phases are denoted as ua and 
ub, where i = 1,2,3 are the streamwise, spanwise, and 
vertical components. The momentum equations for the 
suspended sediment and fluid phases are given as follows:

∂ρaαuai
∂t

+
∂ρaαuai u

a
j

∂xj

= −α
∂p
∂xi

+ αfi −
∂˜︁pa
∂xi

+
∂τ aij

∂xj
+ αρagi

+ αβK(ubi − uai ) − SUSβKνbt
∂α

∂xi
, (11)

∂ρbβubi
∂t
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∂ρbβubi u

b
j
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= −β
∂p
∂xi

+ βfi +
∂τ bij

∂xj
+ βρbgi − αβK(ubi − uai )

+ SUSβKνbt
∂α

∂xi
, (12)

where ρa and ρb denote the densities of sediment and 
fluid, respectively. The gravitational acceleration is repre-
sented by gi, while fi is an external volume force driving 
the flow. The fluid pressure is given by p, and the fluid 
stress τ bij  includes both fluid grain-scale stress and fluid 
Reynolds stresses. The partial normal and shear stresses 
are denoted as ˜︁pa and τ aij , respectively. The drag parame-
ter is represented by K, the turbulent viscosity by νbt , and 
SUS is the inverse of the Schmidt number.

Turbulence modelling is required to account for the 
unresolved Reynolds stresses. The momentum equations 
presented above are the phase-averaged governing equa-
tions for the Eulerian two-phase system. The Reynolds-
Averaged Navier–Stokes (RANS) formulation is intro-
duced as a closure approach for the Reynolds-stress con-
tribution in the fluid stress tensor. In the present model, 
these turbulent stresses are closed using the two-phase 
k − ω model implemented in SedFoam.

Following Chauchat et al. (2017), the turbulent eddy 
viscosity is calculated as

νbt =
k
ω
, (13)

and the transport equations for the fluid-phase turbulent 
kinetic energy k and the specific dissipation rate ω are
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where the Reynolds stress tensor is given by Rbtij =

ρbβ
[︂
2νbt S

b
ij −

2
3kδij

]︂
 with Sbij being the deviatoric part of 

the fluid-phase strain-rate tensor. tmf = exp(−BSt) rep-
resents the correlation between sediment and fluid veloc-
ity fluctuations, the coefficient B is treated as the only 
free calibration parameter, consistent with the practice of 
Chauchat et al. (2017). The last two terms in Equations 
(14) and (15) account for the two-phase effects associated 
with sediment-induced drag damping and sediment-
induced density stratification. The default coefficients are 
Cµ = 0.09, C1ω = 5/9, C2ω = 3/40, C3ω = 0.35, σk =
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σω = 2.0, and SUS = 1.0. The coefficient C4ω is set to 0 
for stable stratification and 1 for unstable stratification.

By introducing sediment-induced drag and turbu-
lence suspension terms into the clear-water k − ω model 
equations, corrections are applied to the fluid-phase tur-
bulent kinetic energy (TKE) and specific dissipation rate 
(ω) equations.

2.3. Coupling method

The overall framework is presented in Figure 1. FVCOM, 
as the GFD model, resolves the time-varying and large-
scale hydrodynamics over the entire OWF area, including 
tidal currents and regional circulations. The CFD model 
OpenFOAM uses FVCOM outputs as boundary forc-
ing to capture small-scale turbulence and local scour 
around a single OWT. A common-boundary nesting 
strategy integrates GFD and CFD models by leveraging 
their strengths. This method aligns FVCOM’s unstruc-
tured triangular mesh with OpenFOAM’s structured grid 
at a shared boundary to ensure accurate momentum 
flux consistency. FVCOM velocities are mapped from 
the unstructured triangular mesh onto the OpenFOAM 
boundary faces using horizontal interpolation on the 
nesting area and vertical profile reconstruction follow-
ing the fifth-order fitting procedure of Pang et al. (2024). 
In the present framework, FVCOM is used to provide 
regional hydrodynamic forcing, whereas local sediment 
transport and bed evolution around the monopile are 
resolved by SedFoam. Therefore, only the time-varying 
velocity field is transferred from FVCOM to SedFoam 
through the nesting boundary. The mass and momentum 
transfer at the nesting interface follows the common-
boundary nesting method previously validated by Pang 
et al. (2024), in which the interface velocity distribution 
and the full interface section were examined to verify 
the consistency of FVCOM–OpenFOAM coupling. The 
present study adopts the same validated interface treat-
ment and extends it from hydrodynamic downscaling to 
two-phase sediment transport and scour simulation.

The framework dynamically updates flow directions 
and velocities at each time step, with OpenFOAM bound-
ary conditions adaptively adjusted based on flux direc-
tion. Specifically, the inletOutlet boundary condition is 
used at the lateral boundaries, where a fixed velocity and 
zeroGradient pressure are specified at the inlet, and zero-
Gradient velocity and fixed-value pressure are applied at 
the outlet. The bottom boundary and the monopile use 
wall functions to accurately represent near-wall turbu-
lence.

By confining CFD simulations to the near-field region 
around infrastructures and using parallel computing, the 
nesting strategy effectively captures critical cross-scale 

Figure 1. Schematic of the FVCOM–OpenFOAM modelling 
framework.

flow dynamics, such as wake and vortex formation. The 
parameter settings for sediment properties and trans-
port processes follow the formulations of Chauchat et al. 
(2017). Given the localized impact of scour around indi-
vidual pile foundations, sediment distribution and char-
acteristics are simplified to be uniform to reduce model 
complexity and maintain computational efficiency. Both 
FVCOM and SedFoam are initialized with zero veloc-
ity, and the coupled modelling framework undergoes a 
gradual transition to realistic flow conditions over a ramp 
period of one hour. More detailed information about this 
one-way coupling between GFD and CFD models, as 
well as data transfer methods and the mass-conservation 
validation, can be found in Pang et al. (2024).

3. Validations

Two validation cases were conducted to assess model per-
formance under time-varying, non-unidirectional forc-
ing, with emphasis on the boundary handling during 
flow reversal and the resulting scour response. First, a 
three-dimensional (3-D) monopile case from Schendel 
et al. (2018) is used to validate the temporal evolution 
of scour depth under reciprocating flow. Second, a two-
dimensional (2-D) case based on bidirectional-current 
flume experiments for a submarine pipeline (Zhang, Guo, 
et al., 2021) is used to evaluate erosion–deposition mor-
phology. It should be noted that, in the present two-
phase Eulerian formulation, neither an explicit critical 
shear stress nor an empirical erosion coefficient is pre-
scribed. Bed mobilization and sediment fluxes arise from 
the resolved phase-momentum balance coupled with the 
granular rheology and particle-pressure closures. Like-
wise, an explicit settling velocity ws is not imposed as 
a model input. The effective settling behaviour emerges 
from the two-phase momentum equations and is con-
trolled by the interphase momentum-exchange closure, 
together with the specified sediment and fluid properties. 
Case-dependent parameters were specified in Table 1. All 
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Table 1. Sediment parameters used in the validation and idealized case.
Case d50 (mm) Hindrance exp. Shape factor Particle-stress closure Granular rheology Interphase drag model

3-D monopile 
validation

0.19 2.65 0.7 Johnson–Jackson µ(I)+ Johnson–Jackson Gidaspow–Schiller–Naumann

2-D pipline validation 0.15 2.65 0.9
3D idealized monopile 
rotating tide

0.26 2.65 1.0

Figure 2. The flume experiment setup. The monopile has a diam-
eter of 0.15m and is centrally positioned in a 1.0m-wide tank with 
a 0.2m-thick sand bed and 0.5m water depth. The flow alternates 
between the positive and negative directions to simulate tidal 
currents.

SedFoam closure coefficients follow the default settings of 
Chauchat et al. (2017).

3.1. 3-D time-varying scour depth validation

Bidirectional and rotating tidal currents can produce 
complex erosion and deposition patterns around off-
shore structures, motivating validation under non-
unidirectional forcing. Temporal variations in scour 
depth are of great significance, offering valuable guid-
ance for planning and maintaining protective measures 
for foundations during the operational phase of offshore 
wind turbines. The 3-D monopile simulation is there-
fore validated against the bidirectional flow flume exper-
iments of Schendel et al. (2018). The flume experiment 
setup is shown in Figure 5. The monopile diameter is 
D = 0.15m, and the sediment has d50 = 0.19mm and the 
density ρs = 2650kg/m3. The water depth is 0.5m, with 
an initial sediment bed thickness of 0.2m (Figure 2). The 
same particle-stress closure as in Section 3.1 is used. In 
this case, sF = 0.7 and hexp = 2.65 (Table 1).

Local refinement is also applied around the monopile, 
achieving a resolution 1x = 0.004m (Figure 3(a)). In 
the vertical direction, the grid is discretized into 110 
layers, with the finest resolution 1z = 0.003m near the 
water-sediment interface (Figure 3(b)). The time step is 
0.05 s. The simulation is initialized from rest with clear 
water, following the flume configuration in Schendel et al. 
(2018).

The temporal evolution of scour depths at three loca-
tions on the upstream, downstream and lateral sides of 
the pile foundation was extracted to compare with the 
flume experiment (Figure 3(a)). The point at (−0.1,0) 
is denoted as the upstream point for the positive-flow 
phase, the point at (0.1,0) as the downstream point for the 
negative-flow phase, and the point at (0,0.1) as the lateral 
point. Tidal currents are idealized as regular sinusoidal 
flows with a maximum velocity of 0.45m/s and a period 
of 117min (Figure 4(a)).

During the first 6min, the flow was too weak to pro-
duce measurable bed change, and S/D (normalized scour 
depth, i.e. ratio of scour depth to pipeline diameter) 
remained close to zero at both points (Figure 4(b)). Scour 
at the upstream point became evident by the 12th min, 
increasing from S/D = 0.1 to 0.88 by the 33rd min. As 
the velocity began to decrease, the S/D value stabilized 
and stopped increasing. The lateral point exhibits a sim-
ilar increasing trend to the upstream point between 12 
and 33min, with S/D rising rapidly as the positive flow 
strengthen. By the 33rd min, S/D at the lateral point 
reached approximately 0.78 and then remained nearly 
stable.

Under the same positive flow phase, the downstream 
point also exhibited a scour trend, but with a smaller 
maximum scour depth than at the upstream point. Scour 
became evident after 21min and reached S/D = 0.52 by 
the 33rd min, after which it remained nearly constant as 
the flow weakened. The smaller scour depth at the down-
stream point is attributed to wake-induced flow reduc-
tion and sediment settling in the lee side of the monopile. 
The flume data further show a depositional phase at the 
downstream point between the 12th and the 21st min, 
which is not reproduced by the model, potentially due to 
the simplified sediment representation.

Between the 60th and 78th minute, the largest discrep-
ancy occurred at the upstream and lateral point (blue-
shaded region in Figure 4(b)). Between 60 and 78min, 
the simulated scour depth decreases from S/D = 0.85 to 
0.60 at the upstream point and from S/D = 0.78 to 0.55 at 
the lateral point, whereas the flume measurements show 
only a slight decrease of approximately 0.05 S/D. At the 
downstream location, both model simulation and flume 
experiment show continuous scour, the numerical model 
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Figure 3. Model grids in the horizontal (a) and vertical (b) direction for 3-D time-varying scour depth validation. Three black dots indicate 
locations selected for validation in the positive, negative flow directions and lateral point.

Figure 4. (a) The flume experiment and model velocity variation. The positive velocity represents the direction of incoming flow, and 
the corresponding validation point for positive velocity is noted as the upstream point in Figure 3. (b) Comparison of S/D at the upstream, 
downstream and lateral monitoring points around the monopile. The black solid, blue dashed and green dotted lines denote SedFoam 
results, while the black circles, blue triangles and green stars denote the corresponding experimental measurements. S/D represents the 
ratio of scour depth to monopile diameter. The shaded blue area highlights regions with the largest discrepancies between the model 
and experimental results.

increases from S/D = 0.51 to 0.68, while the flume exper-
iment increases from S/D = 0.53 to 0.66, suggesting a 
high degree of consistency.

The discrepancy at the upstream point is mainly 
attributed to the difference in flow reversal treatment 
between the numerical model and the flume experi-
ment. The flow forcing in numerical model is a con-
tinuous sinusoidal velocity, enabling uninterrupted sed-
iment transport throughout the entire simulation. In 

the flume, however, the bidirectional current was imple-
mented as separate phases with a stop–restart proce-
dure before reversing direction. Consequently, this intro-
duces a quiescent transition period during which sus-
pended sediment settles, the bed reorganizes and reestab-
lishes granular structure before the next phase begins 
(Allen & Kudrolli, 2018). Such bed reorganization may 
increase the resistance to remobilization, so restarting 
sediment motion can require a higher shear stress than 
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sustaining ongoing transport (Clark et al., 2015). Dur-
ing flow reversal, the lateral region is sensitive to the 
redistribution of near-bed shear and vortical structures. 
Previous oscillatory-flow studies around vertical cylin-
ders have shown that horseshoe and wake vortices can 
strongly affect bed shear stress and sediment entrainment 
around the cylinder (Chang & Constantinescu, 2023).

While this explains the deviations during flow rever-
sal, the continuous forcing used in the numerical model 
is more representative of real coastal tidal environments 
than a fully interrupted phase-segmented forcing. In nat-
ural tidal flows, background currents, residual motion 
and turbulence can persist through flow reversal, rather 
than allowing the bed to return to a fully quiescent
state.

Overall, the model achieved good agreement with the 
flume experiment in reproducing the temporal variation 
of scour depth on both the upstream and downstream 
sides of the monopile under reciprocating flow condi-
tions, with RMSE values of 0.08 and 0.05 S/D at the 
upstream and downstream points, respectively.

3.2. 2-D scour shape validation

The bidirectional pipeline flume experiment of Z. Zhang 
et al. (2021) is used as a 2-D benchmark for scour-shape 
validation. The pipeline diameter is D = 0.045m and the 
sediment median grain size d50 = 0.15mm and density 
ρs = 2650kg/m3. The water depth is 0.5m with an ini-
tial bed thickness of 0.2m (Figure 5(a)). Tidal currents 
in this experiment are simplified as standard sinusoidal 
signals, with a maximum flow velocity of 0.3m/s and 
a period of 2.68 h (Figure 5(b)). SedFoam is configured 
with a dense granular rheology combining a µ(I)-type 
friction law with a Johnson–Jackson particle-pressure 
closure (Table 1). The drag shape factor sF = 0.9 and a 
hindrance exponent hexp = 2.65.

The computational grid is shown in Figure 6a, with 
local refinement on both sides of the pipeline and near 
the water-sediment interface (Figure 6(b)). The near-
pipeline mesh resolution is 1x = 1.0 × 10−3 m and 
1z = 2.0 × 10−4 m, with a timestep set to 10−3 s. To 
match the 2-D benchmark configuration and reduce 
computational cost, the simulation is performed on an 
x–z plane (2-D).

Scour patterns around the submarine pipeline were 
analysed and compared at the T/4 (Figure 7(a)) and 
3 T/4 (Figure 7(b)) of the tidal cycle, corresponding to 
the flood maximum and ebb maximum, respectively. At 
T/4, the model agrees well with the measurements. Scour 
develops mainly beneath the pipeline and upstream, with 
S/D = 0.26 at maximum. Deposition forms downstream 
around X/D = 0.1, reaching a maximum height of 0.24 

Figure 5. The flume experiment setup (a) and velocity setting (b). 
The positive velocity represents the flood tide, and the negative 
velocity corresponds to the ebb tide.

D. Bed-level change within the scour hole area matches 
the flume observations, with an RMSE of 0.05 S/D.

At 3 T/4, the scour pattern becomes nearly symmet-
ric due to flow reversal, and the maximum scour depth 
beneath the pipeline increases to S/D = 0.28. The RMSE 
between the simulated and measured bed profiles within 
the scour hole area is 0.10 S/D. Overall, the model results 
exhibited good agreement with the flume experiments in 
terms of scour depth under bidirectional forcing.

However, discrepancies remain in the backfilling area. 
Similar behaviour was also reported by Mathieu et al. 
(2019) in SedFoam pipeline-scour simulations. The scour 
depth and scour hole shape were reproduced more reli-
ably than the downstream bed response. This is mainly 
due to the limited representation of pipeline lee-wake 
turbulence–sediment interactions in two-phase RANS 
models. Overall, the model reproduced the dominant 
scour depth and scour extent under bidirectional flow 
conditions.

4. Idealized experiment of rotating tidal 
currents

4.1. Model setup

Previous validation has demonstrated the model’s capa-
bility to simulate scour development around the monopile 
under bidirectional flows. However, most OWT founda-
tions are located in environments where tidal currents 
rotate in direction over the tidal cycle (Margheritini et al., 
2006). An idealized rotating-current case is therefore 
used to examine scour development under continuously 
varying flow direction.

A geometric scaling of 1:100 was adopted, such that 
the prototype monopile diameter of 10m was reduced to 
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Figure 6. Model grids in the horizontal direction of the flume experiment for validation (a), and the enlarged view around the pipeline 
(b). The mesh resolution is 0.001m horizontally and 0.0002m vertically.

Figure 7. Scour validation under bidirectional flow conditions against the flume experiment of Z. Zhang et al. (2021) at 1/4 cycle (a) 
and 3/4 cycle (b). The inner panels and arrows indicate the corresponding flow magnitude and direction. X/D and S/D represent the 
normalized distance relative to the pipeline diameter in the horizontal and vertical plane, respectively.
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Figure 8. Model grids in the horizontal (a) and vertical (b) of the idealized experiment of 3-D flow-sediment interaction case.

D = 0.1m in the model. The computational domain was 
circular with radius R = 1m (R/D = 10), and the water 
depth was set to H = 0.3m (H/D = 3) (Figure 8(a)). The 
mesh resolution was 1x = 0.01m in the inner region and 
1x = 0.04m in the outer region. The water column was 
discretized into 64 vertical layers with stretching, giving 
1z = 0.02m near the free surface and a minimum 1z =

0.001m m near the bed–water interface. (Figure 8(b)).
To obtain obvious scour within one tidal cycle, a pro-

totype maximum flow velocity of 2m/s was selected, 
based on possible conditions during spring tides in the 
coastal waters of China (Wu et al., 2021). Using Froude 
scaling, the prototype velocity was scaled down to a spa-
tially uniform current with a constant speed of 0.2m/s. 
The resulting Froude number, defined as Fr = U/

√
gD, 

was Fr = 0.20. The rotating tide was imposed by pre-
scribing two orthogonal, depth-uniform velocity compo-
nents, Ux(t) = 0.2 cos(ωt) and Uy(t) = 0.2 sin(ωt), with 
ω = 2π/TM2 and TM2 = 4471s, giving a period of 1.24 h 
scaled from astronomical semi-diurnal tidal component 
M2. The ramp time was extended by an additional 10 s to 

reduce spin-up transients in the coupled flow–sediment 
response.

In this idealized case, the sediment is represented as 
sand with a density of 2650 kg/m3 and a median grain 
size of d50 = 0.26mm. The hindrance exponent 2.65 for 
concentration-dependent drag. Turbulence is modelled 
with the two-phase k − ω RANS closure. The particle-
stress closure is the same as in the two validation cases.

4.2. Results of the idealized experiment

The rotating currents produced a strongly time-depen-
dent scour morphology around the monopile. The model 
bathymetry was initially flat (Figure 9(a)). A horseshoe-
shaped scour hole developed after 354 s of simulation due 
to the near-bed downflow and the increased bottom shear 
stress from vortex formation (Figure 9(b)). The scour 
depth could reach up to 0.3S/D. As the current direc-
tion rotated counter-clockwise, the horseshoe vortex and 
bottom shear stress evolved, driving dynamic changes in 
the scour hole’s shape and development. From t = 354 s 
(Figure 9(b)) to t = 4481 s (Figure 9(f)), the scour hole 
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Figure 9. Scour pattern of idealized 3-D scour experiment at (a) t = 0 s, (b) t = 354 s, (c) t = 1385 s, (d) t = 2417 s, (e) t = 3449 s, (f ) 
t = 4481 s. Panels (g) and (h) show the final scour pattern from the sensitivity analysis, where (g) is the case with the scaled S1 period 
and (h) is the case with a coarser sediment (d = 0.5mm). S/D represents the ratio of scour depth to monopile diameter. White arrows 
indicate the current direction.

became approximately circular around the monopile, and 
the downstream deposition was rotated following the 
instantaneous flow direction. The maximum scour depth 
gradually developed from 0.3 S/D to 0.35 S/D during this 
period. The intermediate stages of scour development are 
shown in Figures 9c–e.

A near-circular scour hole is also reported in field 
observations from areas with rotating tidal currents 
(Whitehouse et al., 2006, 2011). Unlike the symmetrical 
scour patterns commonly aligned with the dominant flow 
direction under unidirectional or reciprocating currents, 
the scour morphology under rotating tidal currents is 
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different. Under rotating tidal currents, the current direc-
tion changes continuously, so bed shear varies around the 
pile over the cycle. This promotes erosion from multi-
ple directions and gradually forms a more circular scour 
hole. By effectively integrating local CFD flow with large-
scale GFD flow, the framework provides a valid approach 
to understanding scour dynamics.

To examine the sensitivity of the circular scour hole to 
current rotation speed and sediment grain size, two addi-
tional cases were conducted, including one using scaled 
diurnal astronomical component S1 period of 8640s, with 
a total simulation time of 8650 s including a 10 s ramp 
time (Figure 9g) and one with a coarser sediment size 
(d50 = 0.5mm) (Figure 9h). Both cases still produce a 
circular scour hole. Compared with the M2-scaled case, 
the S1-scaled case shows nearly identical maximum scour 
depth and overall scour morphology. With the same 
velocity amplitude, the peak bed shear stress and Shields 
parameter remain unchanged, and the large flow excur-
sion length (L = UT) allows the horseshoe-vortex and 
near-bed shear fields to develop sufficiently in both cases 
(Fredsøe and Sumer, 2002 ; Chang & Constantinescu, 
2023). Therefore, changing the rotation period within 
the tested range has a limited influence on the max-
imum scour depth. In contrast, increasing d50 clearly 
reduces the scour depth, with a maximum scour depth 
of 0.31 S/D. According to the Shields parameter, θ =

τb/[(ρs − ρf )gd], a larger grain size reduces sediment 
mobility and increases the critical shear stress required 
for entrainment under the same hydrodynamic forcing 
(Shields, 1936; Van Rijn, 1984). Therefore, the coarser-
sediment case produces a shallower scour hole, while the 
circular hole is still maintained under rotating forcing.

4.3. Comparison with standalone FVCOM

For comparison, a standalone FVCOM simulation was 
conducted using the same velocity forcing and sediment 
parameters as described in Section 4.1. As shown in 
Figure 10a, the FVCOM mesh was refined to a hori-
zontal resolution of 0.02m at the monopile, matching 
the resolution used in OpenFOAM. The open boundary 
was prescribed as a circle with a radius of 1m to main-
tain geometric consistency between the two simulations. 
The water column was discretized into ten uniformly 
distributed sigma layers.

After a full tidal cycle (scaled as 4481 s) of rotational 
currents, the standalone FVCOM simulation produced 
a maximum scour depth of 0.2 S/D, which was approx-
imately 15% shallower than the depth simulated by Sed-
Foam (Figure 10(b)). At a radial distance of 3D from the 
monopile, SedFoam continued to show scour depths of 

0.2 S/D, whereas FVCOM indicated only 0.05 S/D at the 
same distance.

The scour morphology also differed markedly between 
the two models. Under rotational flow conditions, Sed-
Foam produced a circular scour pattern that was consis-
tent with observations (Figure 9). In contrast, FVCOM 
produced an asymmetric pattern with scour concen-
trated primarily on the western side of the monopile. 
This asymmetry was attributed to an underestimation of 
upstream scour in FVCOM. As the flow direction rotated, 
the insufficient erosion could not maintain the develop-
ment of the scour hole, resulting in sediment backfill-
ing. Therefore, only the scour hole formed during the 
later stages of the west-to-east flow was retained in the 
FVCOM simulation.

FVCOM represents a typical GFD model and gener-
ally uses turbulence closures such as the Mellor–Yamada 
Level 2.5 scheme together with a relatively coarse vertical 
sigma-layer discretization. Although this configuration 
is suitable for simulating large-scale coastal circulation 
and stratification, it does not adequately resolve near-bed 
turbulent structures, vertical acceleration and boundary 
layer dynamics (Kim & Moon, 2020; Qu et al., 2016; 
Tang et al., 2014), which are critical to scour develop-
ment. The above comparisons, therefore indicate that a 
coupled GFD–CFD framework is required to simulate 
monopile scour under realistic, time-varying hydrody-
namics. By combining the large-scale tidal circulation 
provided by FVCOM with the high-resolution turbu-
lence and sediment-transport processes resolved by Sed-
Foam, the coupled approach offers a more reasonable 
representation of scour evolution.

4.4. Mass and momentum conservation

To verify that the nesting interface preserves the mass 
and momentum transferred from the regional model to 
the local model, a quantitative consistency check was per-
formed at the common boundary. Because the coupling 
is one-way, only the time-varying velocity field is pre-
scribed from FVCOM at the inflow boundary, whereas 
the outflow is allowed to adjust freely to accommodate 
the wake dynamics resolved by the CFD model (Pang 
et al., 2024). The check therefore focuses on the inflow 
portion of the interface. The inflow volume flux and the 
density-normalized momentum flux along the in-flow 
direction were evaluated as

Qin = ∫
Ain

|un| dA, (16)

M = ∫
Ain

|un|U dA, (17)

where un = u · n is the normal velocity across the com-
mon boundary, Ain denotes the inflow part of the nesting 
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Figure 10. (a) FVCOM computational mesh is used for the scour simulation under rotating flow conditions. The red lines indicate the loca-
tion of the open boundary. (b) Enlarged view of the simulated scour hole around the monopile after 4481 s, with the colorbar representing 
the normalized scour depth (S/D).

interface, and U is the velocity component along the 
incoming-flow direction. The absolute relative difference 
was calculated as

ε =
|XOpenFOAM − XFVCOM|

|XFVCOM|
× 100%, (18)

where Xrepresents either Qin or M. The average absolute 
relative difference is 0.267% for the inflow volume flux 
and 1.222% for the momentum flux. These small differ-
ences, which are mainly induced by fifth-order interpo-
lation in the vertical profiles, indicate that the mass and 
momentum input imposed at the SedFoam boundary is 
consistent with the FVCOM-derived boundary forcing, 
confirming that the nesting interface preserves the main 
inflow mass and momentum transfer from the regional 
GFD model to the local CFD model.

5. Practical application

5.1. Study area and scour observations

The coupled framework was subsequently applied to 
a real-world scenario at the Changyi offshore wind 
farm, situated in Laizhou Bay of the Bohai Sea, China 
(Figure 11(a)). This location is positioned 14–18 km off-
shore, with water depth ranging from 6 to 9 metres. By 
the end of 2023, the wind farm hosted 50 wind turbines, 
each with a rated capacity of 6 MW, resulting in a total 
installed capacity of 300 MW. All turbines are supported 
by monopile foundations.

The dominant hydrodynamic process in Laizhou Bay 
is the semi-diurnal astronomical tide. The average tidal 

range varies between 0.92 and 1.43m, increasing progres-
sively from north to south (You & Chen, 2019). Among 
the observed sediment samples, 52.5% are identified as 
sandy silt, followed by silt at 32.5%, mud at 12.5%, and 
silty sand at 2.5%. The median sediment size ranges from 
16.54 µm to 109.14 µm, with a median size of 58.96 µm 
(Zhao et al., 2021).

In August 2023, field observations were conducted 
over a complete spring-neap tidal cycle to investigate 
hydrodynamic and morphological conditions around 
OWT foundations. A single-beam sonar measured 
detailed bathymetric data of the OWT foundations. 
Simultaneously, tide gauges recorded water level fluctua-
tions. Additionally, an Acoustic Doppler Current Profiler 
(ADCP) was deployed to measure flow velocity, captur-
ing variations in both current magnitude and direction 
throughout the observational period.

5.2. FVCOM configuration

An FVCOM unstructured mesh was used to spatially dis-
cretize the Changyi offshore wind farm, the neighbour-
ing coastline, and Laizhou Bay areas (Figure 11(a)). The 
mesh effectively captured shoreline geometries with a res-
olution of 1 km, while the islands were resolved at 500m. 
Following the methodology of Cazenave et al. (2016) and 
Pang et al. (2024), the resolution around the monopile 
foundations, which have a diameter of ∼10 metres, was 
refined to 2.5 metres (red curves in Figure 11(d)). At the 
lateral open boundary, the resolution gradually increased 
to 10 kilometres (Figure 11(a)).
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Figure 11. (a) Unstructured-grid mesh of FVCOM model for the Bohai Sea and adjacent regions; (b) locations of tide gauge stations 
and observation sites for validation; (c) the enlarged view of the Changyi offshore wind farm; and (d) one single wind turbine with an 
overlapping structured grid of OpenFOAM. The gauge station 1 is shown in panel (b) using black text, as well as the observation sites 2 
and 3. The black dots in panel (c) indicate selected monopiles A and B. The red mesh in (d) represents the FVCOM mesh, the blue lines 
indicate the OpenFOAM grid, and the bold red mesh shows the nesting boundary.

Given the shallow local water depth, the water col-
umn was discretized into ten uniformly distributed sigma 
layers. Eight major astronomical tidal components were 
included in the open boundary conditions, comprising 
four diurnal constituents (K1, O1, P1, and Q1) and four 
semi-diurnal constituents (M2, S2, N2, and K2), retrieved 
from the TPXO 8 dataset (Egbert & Erofeeva, 2002). 
Atmospheric forcing, including sea surface wind and pre-
cipitation, was sourced from the ERA5 dataset provided 
by the European Centre for Medium-Range Weather 
Forecasts (ECMWF), with a spatial resolution of 0.25° 
and a temporal resolution of 3 h. Temperature and salin-
ity fields were initialized using data from the Global 
Ocean Forecasting System (GOFS) version 3.1, derived 
from the GLBy0.08 grid of the global Hybrid Coordi-
nate Ocean Model (HYCOM) (Bleck, 2002). This dataset 

also provided salinity, temperature, and volume transport 
along the lateral boundary. To ensure computational sta-
bility and accuracy, the simulation employed external and 
internal time steps of 0.5 and 2.5 s, respectively.

5.3. FVCOM validation

To assess model performance and reliability, the model 
was validated using tide and flow conditions in May 
2012. Tidal gauge data from the Bohai Sea were employed 
to validate the FVCOM simulated tides (Figure 11(b)). 
The results indicate that FVCOM accurately captured the 
tidal patterns in the Bohai Sea and Laizhou Bay area 
(Figure 12), with a root mean square error (RMSE) of 
0.09m.
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Figure 12. Comparison between observed (black dot) and FVCOM simulated (red line) tide elevation at the gauge station.

Figure 13. Model-data comparison at station 2 (in Figure 11) between observed (black dots) and simulated (red lines) surface velocity 
(a), surface direction (b), bottom velocity (c), and bottom direction (d), respectively.

The simulated flow patterns were validated against 
observed surface and bottom velocity and direction data 
from two measurement sites located in the Bohai Sea 
(Figure 11(b)). The simulation results at Station 2 showed 
RMSE values of 0.08 and 0.09m/s for surface and bot-
tom velocities, 25.50° and 47.26° for surface and bot-
tom directions, respectively (Figure 13). The model-
data comparison at Station 3, had RMSE values of 0.06 
and 0.09m/s for surface and bottom velocities, 23.97° 
and 35.71° for surface and bottom directions, respec-
tively (Figure 14). The model results demonstrated strong 
agreement with the observed data, particularly in the sur-
face layer, where FVCOM effectively captured the tidal 
flow variation in both flow velocity and direction (Fig-
ures 13 and 14(a,b)). In the bottom layer, the model 
slightly overestimated flow velocity during slack water 
periods, leading to higher errors compared to the sur-
face layer (Figure 13c-d and Figure 14c-d). Since the flow 
velocities were much lower (<  0.1m/s) during these 

periods, it was relatively difficult for numerical simula-
tions to capture such low velocities. In general, FVCOM 
successfully reproduced the key hydrodynamic charac-
teristics of the Bohai Sea and Laizhou Bay region. The 
analysis of surface and bottom currents confirms that 
the central region of Bohai Bay is influenced by rotating 
currents, with periodic variations in flow direction.

5.4. OpenFOAM setup and coupling

Following the nesting boundary method, a unified Open-
FOAM model mesh was configured (Figure 15). Given 
the limited extent of monopile scour holes, the outer 
nesting boundary radius was set to 100 metres based 
on previous studies, indicating that scour holes typi-
cally extended 3–5 S/D (Askarinejad et al., 2022; Wang 
et al., 2020). The model resolution was configured as 0.25 
metres around the monopile foundation and 3 metres 
along the nesting boundary (Figure 15(a)). A specific 
OWT (monopile A in Figure 11) located at 119.4861°E, 
37.2247°N was selected for the coupling simulation, with 
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Figure 14. Model-data comparison at station 3 (in Figure 11) between observed (black dots) and simulated (red lines) surface velocity 
(a), surface direction (b), bottom velocity (c), and bottom direction (d), respectively.

Figure 15. Model grids in the horizontal (a) and vertical (b) direction of the selected Changyi OWT.

a water depth of approximately 6 metres. The water col-
umn was discretized into 96 layers, ensuring a higher 
resolution of 0.02 metres near the water bottom and 0.3 
metres near the sea surface (Figure 15(b)). The maxi-
mum time step was set to 0.03 s. Boundary conditions 
were established using second-order temporal interpo-
lation from FVCOM modelling results, including the 
vertical flow profile, as described in Pang et al. (2024). 
The initial bottom bathymetry in the local CFD domain 

was set as a uniformly flat seabed based on the local 
water depth around the selected monopile. The CFD 
model underwent a one-hour ramp time period, transi-
tioning from zero initialization to steady-state flow. Sub-
sequently, the FVCOM-OpenFOAM coupled modelling 
framework ran for two tidal cycles during spring tide 
period on August 5, 2023. 

It should be noted that the present simulation 
was designed as an event-scale demonstration under 
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Figure 16. Depth around the monopile A measured by the single-beam echo sounder (a), and simulated by the coupled modelling 
framework (b).

energetic spring-tide forcing rather than as an estimate 
of equilibrium scour. Monopile scour is known to evolve 
toward equilibrium over timescales longer than a few 
tidal cycles (Johnson & McCuen, 1991; Melville & Chiew, 
1999; Wang, 2015). The two-cycle duration provides 
an event-scale assessment of the initial morphodynamic 
response of the seabed to realistic, time-varying tidal 
forcing. The analysis focuses on the spatial distribution 
of erosion and deposition, the preferential scour region. 
It helps identify erosion-prone areas around the foun-
dation and supports monitoring design and preliminary 
evaluation of scour protection requirements.

5.5. Scouring results

Single-beam sonar scanning captured the actual scour 
patterns and depths induced by tidal currents. The 
observed results revealed that backfilling around the 
monopile predominantly in the southwest direction 
(Figure 16(a)). In the actual scour patterns, the deep-
est scour depths were observed in the northwest and 
southeast directions, corresponding to the monopile’s lat-
eral sides. Notably, scour depth and extent were more 
pronounced in the northwest direction compared to the 
southeast direction.

The scour simulation results are shown in Figure 16b. 
After two tidal cycles, the interaction between currents 
and sediments around the monopile foundation exhib-
ited a highly intricate and dynamic response. Simu-
lated scour was primarily observed in the northwest part 
around the monopile, with the most significant scour 
occurring in the north part of the monopile. This aligns 

with the observed pattern, i.e. the scour distributed in 
the relatively northwest area of the monopile and was 
more significant in the north. The simulated scour depth 
reached up to 6.01 metres, consistent with the observed 
values (6.80m) in magnitude. In simulated results, signif-
icant deposition was also observed on the southwest side, 
highly aligning with the observed data in the deposition 
pattern.

Due to the limited duration of two tidal cycles, conclu-
sions on equilibrium depth or long-term scour rate were 
not supported by this simulation. Furthermore, since the 
field dataset consists of a post-event bathymetric snap-
shot without time-resolved evolution, Figure 16 was used 
to evaluate agreement in spatial scour/deposition pat-
tern and scour magnitude, rather than to directly validate 
scour dynamics. The results were restricted to the corre-
sponding short-term response. Under these constraints, 
agreement was obtained in the dominant areas of scour 
and deposition around the monopile.

6. Discussions

6.1. Scour at different monopiles: impact of tidal 
currents

To investigate the mechanism of the observed scour at 
selected monopile A, spring-tide currents in July 2023 
were examined using FVCOM (Figure 17(a)). Hourly-
averaged tidal currents exhibited a predominantly recip-
rocating pattern along a northeast–southwest axis, con-
sistent with previous studies for Laizhou Bay (Sun et al., 
2024; Wang et al., 2009). The maximum hourly-averaged 
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Figure 17. Hourly tidal currents (black arrows) and the residual flow (red arrow) at monopile A (a) and monopile B (b) during a spring 
tide cycle; (c) depth around the monopile B measured by the single-beam echo sounder, corresponding to Figure 16a.

velocity during the flood tide reached 0.22m/s, com-
pared with 0.17m/s during ebb tide, indicating that the 
flood tide was dominant driving force. The monthly 
mean residual current direction, obtained by low-pass 
filtering to remove periodic tidal variations, was also 
oriented from northeast to southwest with a direction 
of approximately 240° (red arrow in Figure 17(a)), in 
agreement with earlier numerical results (Chi et al., 
2020). A similar pattern of tidal currents was detected 
at monopile B (Figure 17(b)), located farther offshore 
near the wind farm centre (Figure 11(c)). The maximum 
hourly-averaged velocities during flood and ebb tides at 
monopile B were 0.26 and 0.24m/s, respectively. The 
monthly mean residual current direction at monopile 
B also aligned with the northeast–southwest axis. The 
consistent flood-dominant forcing at monopiles A and 
B is reflected in the similar scour response (Figures 16a 
and 17c). Both monopiles presented backfilling along the 
northeast and southwest directions, while scouring con-
centrated on the lateral sides, forming a near-symmetric 
scour pattern aligned with the dominant tidal axis.

The circulation characteristics were further examined 
at monopiles A and B using a climatological FVCOM 
simulation. To present typical wind forcing, 10m height 
wind fields from the ECMWF ERA5 hourly reanaly-
sis dataset (1994–2023) were averaged. The data were 
regridded to a regular 0.25°× 0.25° latitude–longitude 
grid, ensuring spatial consistency across the simula-
tion domain. All other model configurations remained 
consistent with previous simulations. The simulated 
summer flow fields were then averaged to represent 
the typical summer residual circulation in Laizhou 
Bay (Figure 18(a)). At monopile A, the residual flow 
was directed predominantly from northeast to south-
west (251°), broadly aligned with the local tidal axis 
(Figure 18(b)). In contrast, the residual circulation at 

monopile B was oriented from northwest to southeast, i.e. 
opposite to the local tidal axis.

Despite these differences in residual circulation, the 
observed scour patterns at monopiles A and B were both 
oriented along the tidal axis rather than the residual cir-
culation direction. This consistency indicates that, for 
the conditions examined here, the tidal-current direction 
provides the primary directional control on the spatial 
pattern of scour and deposition features in the study area. 
It is therefore inferred that neglecting the tidal forcing can 
bias the predicted scour orientation.

The capability of the GFD–CFD framework to repro-
duce the observed scour pattern highlights the impor-
tance of incorporating realistic, time-varying hydrody-
namic forcing in monopile scour simulations. In many 
coastal and offshore environments, the tidal currents 
can depart from idealized unidirectional or bidirec-
tional simplifications due to bathymetric complexity, 
wind effects, or residual circulation. Therefore, relying 
solely on simplified flow assumptions can lead to inaccu-
rate predictions. The present framework provides a prac-
tical route to couple large-scale tidal variability resolved 
by a GFD model with near-bed turbulence and sediment 
processes resolved by CFD, and is therefore potentially 
applicable to a wider range of hydrodynamic conditions 
beyond the reciprocal tide considered here.

6.2. Limitations and future prospects

Although the comparison between model results and 
measurements demonstrates good agreement in the mor-
phological characteristics of the scour holes, the limited 
simulation duration remains a constraint. The present 
modelling framework is limited to a few tidal cycles 
due to the high computational demand of CFD simula-
tions. However, coastal dynamics span multiple temporal 
scales, from tidal cycles to seasonal and interannual 
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Figure 18. Climatological circulations in the Laizhou Bay in summer (a) and an enlarged view of the Changyi offshore wind farm (b). The 
black dots in (b) represent OWT locations, and the red dots indicate selected monopiles A and B.

changes. Additionally, these OWT are expected to oper-
ate for decades. Under such constraints, simulations over 
one to two tidal cycles should be interpreted as event-
scale responses rather than long-term evolution. A com-
mon strategy to extend morphodynamic simulations is 
the use of a morphological acceleration factor, in which 
a scalar multiplier is applied to the sediment-continuity 
(Exner) equation to accelerate bed-level change (Lesser 
et al., 2004; Morgan et al., 2020). Acceleration ratios typ-
ically ranging from 10 to 1000 and have been widely 
used for riverine and estuarine morphological evolu-
tion (Jones et al., 2007; Li et al., 2018; Morgan et al., 
2020; Van der Wegen & Roelvink, 2008). In future 
development, this strategy will be incorporated into 
the SedFoam component of the coupled framework by 
introducing an acceleration factor into the sediment-
continuity equation. The hydrodynamic field will be 
solved at the physical time scale, while the sediment 
response to the computed flow forcing will be acceler-
ated through the modified sediment-continuity equation. 
This treatment is expected to reduce the computational 
cost of long-duration scour simulations while retaining 
the resolved near-pile flow structures and tidal forcing, 
thereby improving the applicability of the coupled frame-
work to longer-term morphological prediction.

Additionally, extreme events are not yet represented. 
Storms and the associated wave-current interaction can 
intensify flow velocity and pressure around OWT struc-
tures, increasing sediment transport capacity and poten-
tially enhancing scour (Galano et al., 2021; Whitehouse 
et al., 2011; Yao et al., 2024). Extending the framework 
to include wave effects will allow the sensitivity of scour 
to episodic high-energy forcing to be assessed, which 
is particularly relevant given the projected changes in 

coastal extremes under climate change. A new numeri-
cal solver SedInterFoam, recently developed by the Sed-
Foam team (Mathieu et al., 2025), provides a possible 
route for incorporating wave effects into a physics-based 
sediment-transport model. It introduces an additional 
air phase, resolving the air–water interface using the 
volume-of-fluid method, and coupling with waves2Foam 
for wave generation and absorption. In future work, 
FVCOM could be coupled with the Simulating WAves 
Nearshore (SWAN) at the regional scale to provide real-
istic tidal-current and wave parameters (Chen et al., 
2018), then nested into a local SedInterFoam domain 
to resolve wave–current–sediment interactions and its 
induced monopile scour evolution.

Finally, deposition and backfilling processes are only 
partially represented because the present setup focuses on 
single-fraction sediment transport and does not explic-
itly account for mixed sediments. Future work will 
consider multi-class sediment formulations and data-
driven parameterization (e.g. machine-learning-assisted 
calibration) to constrain transport parameters using lab-
oratory and field observations.

7. Conclusions

The main contribution of this study is the extension of 
GFD–CFD coupling from hydrodynamic simulation to 
sediment transport and scour morphodynamics by inte-
grating FVCOM with SedFoam. FVCOM provides real-
istic time-varying regional tidal forcing, while SedFoam 
resolves scour evolution around monopile foundations. 
The framework is evaluated against two flume experi-
ments under bidirectional forcing. The simulated scour 
evolution captured the main phases of scour develop-
ment (initiation, growth and approach to equilibrium). 
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Across the laboratory cases, the RMSE of the normalized 
scour depth remained below 0.1 S/D, indicating that the 
coupled approach can represent not only final scour pat-
terns but also the dynamic scour process over tidal cycles. 
Additionally, in an idealized experiment this framework 
successfully reproduces circular scour holes under rotat-
ing flow conditions. The framework is further applied 
to an actual OWF in Laizhou Bay, China, demonstrat-
ing good agreement between simulated and measured 
scour and backfilling patterns. For the two investigated 
monopiles, the similarity in scour planform between 
locations was aligned with a consistent dominant tidal 
axis, despite the differences of the residual circulation. 
These results suggest that tidal forcing provides the pri-
mary control on scour direction around the studied 
monopiles, highlighting the importance of incorporating 
actual tidal currents in simulating scour around offshore 
infrastructure. This study demonstrates the capability 
and practical relevance of the proposed modelling frame-
work for resolving complex flow-sediment interaction 
and monopile scour under realistic offshore engineering 
conditions.
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