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Abstract

Scour around coastal and offshore infrastructure is a critical concern, influencing founda-
tion stability, structural performance, and long-term safety under wave—current loading.
Reliable scour prediction is essential for designing resilient foundations for offshore wind
turbines, bridge piers, subsea pipelines, breakwaters, and coastal protection systems. While
physical modelling has advanced understanding of sediment entrainment and bed—flow
interactions, numerical modelling is increasingly used to predict scour under complex,
transient hydrodynamic conditions. This review provides a comprehensive assessment of
the principal numerical approaches currently used to simulate scour. Four major modelling
frameworks are examined: single-phase Eulerian Computational Fluid Dynamics (CFD),
two-phase Eulerian—Eulerian CFD, coupled CFD-Discrete Element Method (CFD-DEM)
approaches, and mesh-free Smoothed Particle Hydrodynamics (SPH) including SPH-DEM.
For each method, governing formulations, sediment-transport models, turbulence clo-
sures, bed-evolution treatment, and fluid-sediment coupling procedures are critically
evaluated. The review identifies the key strengths and limitations of each approach and
assesses their suitability across different scour regimes. Remaining numerical challenges
are highlighted, together with future research directions aimed at improving the reliability,
robustness, and engineering applicability of scour modelling. The comparative assessment
is structured around the core dimensions of underlying assumptions and physical repre-
sentation, sediment-transport and bed-evolution capabilities, fluid-sediment coupling and
process resolution, validation maturity, computational requirements and scalability, and
engineering applicability.

Keywords: scour modelling; coastal and offshore infrastructure; CFD; CFD-DEM coupling;
SPH; bed evolution; numerical modelling

1. Introduction

Scouring refers to the removal and transport of sediment caused by the action of waves,
currents, or their combined effects in the vicinity of a structure. It is recognised as one of
the primary causes of foundation instability in marine and hydraulic engineering [1-4]
as it directly alters soil resistance and the associated failure mechanisms [5-7]. Offshore
wind turbines, bridge piers, subsea pipelines, and breakwaters are particularly susceptible,
and failures associated with scour can result in costly repairs, operational downtime, or
even structural collapse. Because these systems operate in highly dynamic marine geotech-
nical environments, reliable modelling of seabed—structure-hydrodynamic interaction is
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essential. The mechanisms underlying scour development are complex and depend on
an interplay between hydrodynamic loading, sediment properties, and structural geom-
etry [8,9]. Scour is commonly described in terms of its spatial scale and the dominant
driving forces. Local scour occurs immediately adjacent to the structure, where flow-energy
gradients and vortex formation generate intense bed shear stresses that mobilise sediment.
Global scour represents a more uniform lowering of the seabed profile over a large area,
often due to broader changes in hydrodynamics or sediment supply [9].

Laboratory flume experiments have been instrumental in advancing the understand-
ing of scour mechanisms [9-13]. Field monitoring has provided valuable insight into
sediment mobilisation under wave forcing [14-16] and has been used as a basis for risk-
mitigation strategies for scour hazards [17]. However, laboratory experiments are confined
to small scales, where scaling-up can be challenging, and field-based studies remain rela-
tively scarce and concentrated mainly on bridge-pier environments, with comparatively
limited deployment for coastal or offshore infrastructure. Additionally, both laboratory
and field observations are typically constrained by measurement limitations, often pro-
viding insufficient spatial and temporal resolution. Nevertheless, they remain essential
for the calibration and validation of numerical models, which can subsequently provide
high-resolution predictions with detailed representations of hydrodynamic and sediment-
transport processes that cannot be captured through physical testing alone. Numerical
models allow the isolation of individual processes, the testing of a wide range of envi-
ronmental and structural conditions, and the simulation of extreme events that may be
impractical to reproduce physically.

Advances in Computational Fluid Dynamics (CFD), multiphase flow modelling, and
sediment-transport algorithms now make it possible to capture detailed hydrodynamic—
sediment-structure interactions. Coupling hydrodynamic solvers with morphodynamic
modules enables the simulation of evolving seabed topography, allowing for predictive
studies of long-term scour development. The simulation of grain-scale scour mechanisms
can be further enhanced by coupling CFD with the Discrete Element Method (DEM). In
this approach, sediment particles and their contact interactions are explicitly represented,
while fluid—particle interactions are transferred between the CFD and DEM frameworks
through appropriate coupling formulations. Several reviews have addressed numerical
local-scour modelling from different perspectives, including sediment-transport and CFD-
based models [18], offshore wind-foundation scour [19,20], and broader local-scour predic-
tion approaches [8]. Nevertheless, due to the diversity of available numerical approaches,
there remains a need for a systematic cross-framework assessment of their underlying
assumptions, validation maturity, computational requirements, and suitability for different
engineering applications.

Accordingly, this review synthesises numerical approaches for scour modelling with
emphasis on practical model selection and applicability to coastal and offshore infrastruc-
ture problems. In contrast to previous reviews with broader or application-specific scopes,
the present study systematically compares single-phase Eulerian CFD, two-phase Eulerian—
Eulerian CFD, CFD-DEM, and SPH/SPH-DEM as distinct modelling frameworks. The
reviewed methods are evaluated in terms of their theoretical foundations, underlying
assumptions, validation status, computational requirements, strengths, and limitations. A
comparative synthesis is then used to identify the domains in which each method is most
reliable, recognising that no single framework is equally appropriate for all scour regimes.
Remaining numerical challenges and future research directions are also highlighted.

The review is therefore structured to support the selection of appropriate numerical
frameworks for scour analysis in research and engineering applications involving coastal
and offshore infrastructure. Section 2 provides an overview of the physical processes
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governing scour, while Section 3 identifies the main modelling challenges in numerical
scour analysis. Section 4 classifies the principal numerical approaches. Section 5 assesses
finite-volume formulations, distinguishing between single-phase Eulerian and two-phase
Eulerian-Eulerian CFD models. Section 6 reviews coupled CFD-Discrete Element Method
(CFD-DEM) frameworks, while Section 7 examines mesh-free Smoothed Particle Hydrody-
namics (SPH). After the individual methods are addressed, Section 8 presents a comparative
synthesis across approaches. Section 9 outlines the remaining numerical challenges and
identifies key research needs, and Section 10 provides concluding remarks.

2. Fundamentals of Scour Processes

The development of scour is fundamentally driven by the interaction between fluid
flow, sediment transport, and structural geometry. When a flow encounters a structure, it is
forced to change direction and accelerate around and down towards the bed, producing
localised pressure gradients and strong vortical motions (Figure 1). At the upstream face,
the downward deflection of the flow generates a horseshoe vortex that wraps around the
base of the structure, enhancing the near-bed shear stresses and initiating sediment motion.
Downstream, flow separation and reattachment lead to the formation of lee-wake vortices,
which redistribute sediment and create zones of deposition. These coherent flow structures,
documented in detail by Roulund et al. [11], can evolve dynamically in response to changes
in bed morphology.

Flow separation

~
G

Lee-wake vortices

Flow direction

Horseshoe vortex

Figure 1. Schematic illustration of vortical motions and sediment scour and deposition.

Sediment transport can occur as bed shear stress increases above the critical threshold
for sediment motion. At low excess shear, particles move as bed load through rolling,
sliding, or saltation; with increasing shear, sediment becomes suspended by turbulent
eddies. Under very energetic conditions, such as during storms or strong tidal currents, a
sheet-flow regime may develop in which a continuous layer of sediment several grain di-
ameters thick is mobilised above the static bed [21]. The transition between these transport
regimes depends primarily on sediment mobility, turbulence and particle settling, and is
influenced by parameters such as the Shields parameter and sediment properties.

Several dimensionless parameters are commonly used to characterise and predict
scour processes. Among them, the Shields parameter 6 (Equation (1)) provides a measure
of the ratio between the driving fluid forces acting on sediment grains and the resisting
gravitational forces, thereby indicating whether sediment motion will occur (i.e., when
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6 > 0;). The critical Shields parameter 6, is defined by Equation (2) for a flat bed, while
Equation (3) defines 0., that applies to a sloping bed [11,22,23]. An alternative approach is
to retain 6, o as the threshold and instead introduce an effective Shields parameter modified
to incorporate the additional driving force induced by bed slope [24]. Beyond incipient
motion, 0 influences the rate of sediment transport through a power-law relationship, as
discussed by Ma et al. [25] and Keetels et al. [26].
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where T and T, are the local and critical bed shear stresses, respectively, g is the gravitational
acceleration, p; is the sediment grain density, p is the water density, ds is the median particle
diameter, « denotes the angle formed between the flow direction and the slope direction,
is the slope angle, ¢ is the sediment angle of repose, and D is a particle size parameter.

Recent studies have extended the conventional Shields parameter to account explicitly
for seepage forces generated by pore-pressure gradients within a permeable seabed. Rather
than treating seepage as a separate sediment-mobility parameter, these formulations modify
the Shields parameter itself through a correction coefficient derived from the force balance
acting on a sediment particle. Early formulations considered only the vertical pore-pressure
gradient and associated seepage force [27], while subsequent studies extended the approach
to two-dimensional seepage, incorporating both horizontal and vertical pore-pressure
gradients together with local bed-slope effects [28,29], and later to three-dimensional
seepage fields around pile foundations [30]. In the two-dimensional formulation adopted
by Zhai and Jeng [29], the modified Shields parameter is expressed as 6,,,; = RO, where
R accounts for the seepage force generated by the pore-pressure gradients and the local
bed slope. The resulting modified Shields parameter, rather than the conventional Shields
parameter, is then used in the bed-load transport formulation, thereby coupling wave-
induced seabed response directly to sediment transport and scour development. More
recently, Hu and Li [31] incorporated three-dimensional seepage and bed-slope effects into
the modelling of sediment incipient motion and scour around a circular pile.

For wave-induced (oscillatory) flows, the Keulegan—-Carpenter (KC) number, defined
as the ratio of the particle distance covered during an oscillatory cycle to the characteristic
length (e.g., pile diameter), influences the nature and intensity of vortex shedding. At low
KC values, horseshoe-vortex formation is suppressed, whereas increasing KC promotes
larger, more persistent vortices [32]. KC is defined as:

KC = U,T/D 5)

where Uy, is the maximum undisturbed velocity at the bed, T is the wave period, and D is
a characteristic length (e.g., pile diameter).

Experimental studies by Sumer and Fredsee [33] demonstrated that for a vertical pile
exposed to waves, the equilibrium scour depth increases with both KC and the diffraction
parameter D /L, where L denotes wavelength. This behaviour is attributed to enhanced
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steady streaming generated by the presence of the pile at higher values of these parameters.
In oscillatory flow with small KC and D/L, sediment tends to move back and forth without
significant net transport. By contrast, strong steady streaming at larger KC and D/L
produces a residual current that excavates sediment and inhibits redeposition, thereby
deepening scour holes. This trend is valid for relatively low KC values (i.e., KC < O(1)),
while for larger values (i.e., KC > 6), scour depth continues to increase with KC. In the
latter case, scour is dominated by vortex structures rather than steady streaming, mainly
the horseshoe vortex for KC < 30 and vortex shedding at higher values. Consistent with
this, Ahmad et al. [34] reported a fourfold increase in equilibrium scour depth when KC
increased from 6 to 12.

Structural geometry and orientation also influence local scour. Lancaster et al. [35] em-
ployed single-phase numerical simulations and showed that bluff structures with sharper
corners developed deeper scour than rounded geometries. Also, when corners faced di-
rectly into the flow, vortex formation was intensified, leading to deeper local scour, whereas
oblique orientations redistributed scour patterns along the structure sides. Their results
further showed that longer structures parallel to the flow promoted larger scour, as vortices
were more effectively sustained along the structure length. Importantly, the above impacts
of structural geometry were found to be more pronounced at higher KC values. Similar
sensitivity to structural configuration has been reported for coastal protection structures,
where the type of wave-dissipating block can influence breakwater settlement and overall
morphological change [36].

Another parameter that is used in the literature to predict scour depth, although less
common than 6, is the Froude number (F;). Similar to 8, F; describes sediment mobility by
assessing the balance between hydrodynamic forcing and resisting sediment weight. The
difference between the two is that 6 is a normalised measure of shear stress, while F; is a
normalised measure of velocity, as follows [37]:

\% (0.—0)
Fy = g =" (6)

Ve T

where V is undisturbed flow velocity approaching a structure and ¢’ is reduced gravita-

tional acceleration. As inferred from the experimental study of Oliveto and Hager [37],
scour depth increases with F; following a power-law dependence.

3. Modelling Challenges

From a numerical modelling perspective, reliable representation of scour processes
presents several challenges. The turbulent flow structures that drive sediment entrainment
and local scour, such as horseshoe vortices, wake vortices, and near-bed coherent motions,
often occur at scales smaller than the computational resolution and must therefore be
represented through turbulence closure models. Sediment transport is also challenging
to model because the relation between sediment fluxes depends on hydrodynamic and
soil variables, including bed shear stress, flow velocity, turbulence intensity, sediment
concentration, bed slope and grain size [34]. Additionally, predicting bed evolution requires
robust morphodynamic treatment of erosion, deposition, bed-load and suspended-load
transport, as well as avalanching on sloped beds.

A further complication is the temporal disparity between rapidly evolving hydro-
dynamic processes and the slower bed morphology evolution. This makes fully coupled
simulations computationally demanding, particularly for three-dimensional flows and
long-duration processes [38]. Consequently, different time steps are often adopted for
hydrodynamic and morphological models, an approach commonly referred to as partial
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decoupling or quasi-steady coupling [24,34,39,40]. Although this approach can substan-
tially reduce computational cost, the use of different hydrodynamic and morphological
time steps can introduce numerical errors when bed changes become significant within
a hydrodynamic update interval. In such cases, sediment transport may be evaluated
using a flow field that is no longer consistent with the evolving bed, resulting in lagged
flow-bed feedback, over- or under-prediction of bed-level change, and spurious oscillatory
erosion and deposition, particularly during rapid scour or strongly coupled flow-sediment
conditions [41,42]. In addition, temporal inconsistencies between the computation of sedi-
ment fluxes and the subsequent bed morphology update can introduce local or cumulative
sediment-mass imbalances at the fluid-bed interface if the exchanged fluxes are not treated
conservatively. The morphological time step should also satisfy the stability requirements
of the bed-evolution equation, since excessively large time steps or dispersive bed-update
schemes can generate non-physical high-frequency oscillations in bed elevation [43]. There-
fore, the ratio between hydrodynamic and morphological time steps should be selected
according to the strength of flow-bed coupling and the rate of morphological change, with
more frequent re-coupling or fully coupled approaches becoming preferable when rapid
bed evolution invalidates the quasi-steady assumption.

Reliably resolving the fluid—soil interface remains a significant challenge. The bed
surface evolves continuously during scour, requiring numerical schemes to track changes
in bed elevation while preserving stability and mass conservation [40,44,45]. Moreover,
predicting interface stresses is complicated by the presence of the thin viscous sublayer ad-
jacent to the bed that contains steep velocity, concentration, and stress gradients. Explicitly
resolving this sublayer would require a very fine mesh and substantial computational re-
sources. Although wall-function approaches have been developed to address this problem
for fluid-solid interface cases [46], their extension to fluid—-bed systems is still an active
research topic [40].

Another significant challenge lies in the simulation of extreme events, where mech-
anisms such as plug flow or momentary bed failure can dominate sediment transport.
Extreme-event scour is particularly relevant under tsunami loading. Jazaeri et al. [47]
reviewed tsunami-induced scour around structures and highlighted the need for im-
proved understanding and numerical modelling of unsteady inundation-driven scour
processes and their implications for coastal infrastructure resilience. As shown in the
work of Cheng et al. [48], strong horizontal pressure gradients associated with steep-wave
passage can destabilise the seabed in ways that are not captured by traditional shear-stress-
based transport formulations. Capturing such processes requires advanced multiphase
models and high spatial and temporal resolution, which in turn demand considerable
computational resources.

4. Classification of Numerical Methods

Numerical models developed to investigate scour processes can be classified accord-
ing to several criteria, including numerical discretisation framework, the mathematical
framework used to represent the sediment phase, and the treatment of particle-particle
and fluid-particle interactions. These distinctions, which rely on different assumptions,
determine both the computational cost and the physical fidelity of the simulations.

Numerical scour studies are most commonly classified according to their discretisation
framework, including the finite-volume method, the Discrete Element Method, the finite el-
ement method (FEM), and meshless approaches. Among these, FVM dominates CFD-based
scour studies due to its ability to resolve complex hydrodynamics and its compatibility with
unstructured meshes, making it well-suited for modelling complex geometries [49]. DEM
can be coupled with CFD to enable discrete representation of sediment particles. Meshless
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particle-based approaches, such as Smoothed Particle Hydrodynamics (SPH) represent
both fluid and sediment phases as moving particles, and have been applied in dam-break
and sediment-flushing studies [50]. FEM is preferred for evaluating the structural response
of foundations under scoured conditions [5,51-53]. However, because FEM cannot simu-
late the transient scour process itself, it is not considered further in this review. Using an
idealised offshore pile as a reference configuration, Figure 2 schematically illustrates the
contrasting discretisation of the fluid and soil domains adopted by the different modelling
approaches reviewed in this paper.

@) (b)

(©) (d)

Figure 2. Schematic discretisations of fluid (blue) and soil (brown) domains around an ide-
alised offshore pile for (a) single-phase Eulerian, (b) two-phase Eulerian, (c) CFD-DEM, and
(d) SPH approaches.

The frameworks used to represent water and sediment flow provide a further basis
for classification. Single-phase Eulerian models divide the domain into a water column
and a near-bed layer (Figure 2a). Sediment in the water column is treated as a passive
scalar with a prescribed settling velocity, while bed-load transport in the lower layer is
computed using empirical formulas [49]. Two-phase Eulerian-Eulerian models treat both
water and sediment as continuous phases (Figure 2b), with a distinct rheology for the
sediment phase. A third approach is the Eulerian-Lagrangian or CFD-DEM method. In
this method, the fluid is treated as a continuous phase and solved on a Eulerian grid, while
sediment particles are represented as discrete entities (Figure 2c) whose motion is resolved
in the Lagrangian framework. The Lagrangian framework may also be applied to the fluid
phase through mesh-free methods such as SPH (Figure 2d).
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5. Finite-Volume Method (FVM)

The finite-volume method is the most widely used computational framework in scour
modelling, particularly in CFD simulations. It discretises the domain into a finite number
of control volumes and enforces conservation of mass and momentum within each volume.
FVM is well-suited to handling complex geometries and large deformations, and it is highly
compatible with sediment-transport modelling. Implemented in open-source and commer-
cial CFD solvers such as OpenFOAM, REEF3D, and FLOW-3D, FVM has been applied to
scour problems ranging from monopiles [25,40,45,54], jacket structures [34], and tandem
piers [55] to breakwaters [56], aprons [48,49], bluff bodies [35], and pipelines [24,57,58]. In
recent years, FVM-based studies, validated against experimental scour data, have made
significant contributions to advancing modelling methodologies and enhancing the un-
derstanding of scour mechanisms. The following subsections review single-phase and
two-phase Eulerian approaches within the FVM framework.

5.1. Single-Phase Models
5.1.1. Hydrodynamic and Sediment Transport Coupling

In classical single-phase scour modelling, the numerical framework generally couples
two main components: a hydrodynamic solver and a sediment-transport model. The
hydrodynamic CFD solver resolves the flow field, turbulence quantities, and near-bed
shear stresses induced by waves and currents. It then provides this information to the
sediment-transport model, which computes the associated sediment fluxes and updates the
seabed morphology through the Exner equation. The updated bed geometry and sediment
concentration are then transferred to the subsequent hydrodynamic solution. This exchange
of information over successive time steps is summarised schematically in Figure 3.

Input from solution of time step (i — 1)

* Flow field ¢~

« Bed geometry z(~1)

« Suspended sediment concentration (=1
* Sediment properties (assumed constant)
« Boundary conditions at t*

v
v v

CFD Solver Sediment Transport Model
* Navier—Stokes » ° Bed-load transport
* Turbulence closure « Velocity field u! * Entrainment-deposition (E — D)
* Free-surface model (optional)  « Eddy viscosity Véf * Bed evolution (Exner equation)

* Slope-limiting & Avalanching
* Mesh adjustment / IBM / ALE

* Near-bed shear stress t!

Flow domain solution at time step i Soil domain solution at time step i
« Updated flow field (=1 + Updated bed geometry z*
* Updated suspended sediment concentration (pi

Figure 3. Coupling between CFD solver and sediment-transport model.

The computational domain is divided into two sublayers (upper and lower) that are
dynamically linked. The upper layer simulates the water column, where the hydrodynamic
solver usually resolves the flow using Reynolds-Averaged Navier-Stokes (RANS) approach
or the more computationally expensive Large Eddy Simulation (LES) approach. The incom-
pressible RANS equations are solved either in a depth-integrated form, by solving vertically
averaged RANS equations, or in a depth-resolving form, by resolving vertical profiles of
flow and turbulence [49]. Turbulence is typically parameterised using closures such as the
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k- [59], k-w [60] and LES [61] class of models. Suspended sediment within this layer is
assumed to be dilute, meaning its volume fraction is sufficiently small for particle-particle
interactions and its influence on the flow’s density, viscosity, turbulence, or momentum
is negligible. That is, the presence of sediment does not exert any influence on the hydro-
dynamic solution. Instead, it is modelled as a passive scalar that is advected and diffused
by the resolved flow, with an additional constant downward component representing the
sediment’s settling velocity under gravity. This approach enables suspended-sediment
transport to be modelled as a function of the resolved hydrodynamics, while maintaining
the computational efficiency of a single-phase approach.

The lower layer corresponds to the near-bed bed-load zone, where sediment is moved
primarily by rolling, sliding, and saltation along the bed. At this layer, the sediment-
transport rate is estimated using empirical formulations that rely on bed shear stress
relationships, which incorporate the resolved hydrodynamic forces and sediment grain
size. Such three widely adopted formulations are those proposed by Meyer-Peter and
Miiller [62], van Rijn [63], and Engelund and Fredsoe [64]. Building on this formulation,
Dixen et al. [65] introduced a modification to account for additional bed-load transport
induced by turbulence associated with fluid—structure interaction, such as the horseshoe
vortex and lee-wake flow. Turbulence intensity, predicted by a k-w SST closure in the CFD
model, was used as input to these empirically calibrated relations, which were coupled
with the Engelund and Fredsee framework. This extension was shown to produce sub-
stantially larger predicted scour depths and faster scour development, in closer agreement
with laboratory observations. The sediment-transport formulations are coupled with the
sediment continuity equation (Exner equation) to predict the morphological evolution of
the bed.

Within single-phase local-scour modelling, sediment transport may be represented
using bed-load transport alone or through a combination of bed-load and suspended-
load formulations. Bed-load-only models are generally adopted when sediment motion
remains concentrated close to the bed, while suspended-load transport is additionally
represented when particles are substantially entrained into the water column. Both ap-
proaches have been applied in local-scour simulations, with examples of bed-load-only
formulations provided by Roulund et al. [11] and Dixen et al. [65], and combined bed-load
and suspended-load formulations by Baykal et al. [66] and Ahmad et al. [34,39].

5.1.2. Free-Surface Modelling

Free-surface modelling is generally unnecessary in scour simulations at very low
Froude numbers (F; < 0.2), which correspond to near-current conditions. However, for
larger Froude numbers and particularly in wave-induced scour problems, free-surface
effects become non-negligible and must be modelled explicitly within numerical simula-
tions [39].

The VOF method is a well-established and validated approach for tracking free-surface
flows and has been widely employed in coastal hydrodynamic applications [67]. In single-
phase scour simulations, free-surface effects are typically resolved using the level-set
method [34,35], which represents the free surface through a function ¢ (?, t) , originally
proposed by Osher and Sethian [68] and later further developed by Peng et al. [69]. This
function evolves over time (t) and depends on both the signed spatial coordinate (;) and
the velocity field (ﬂ)). The sign of ¢ indicates the phase; specifically, it is negative in
phase 1, positive in phase 2, and zero at the interface, while 1 is obtained from the RANS

equations. After defining the initial condition ¢ (?, 0) , the function’s evolution over time
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is determined by solving the partial differential Equation (7), known as the convection
equation. Once ¢ is computed, the interface is located at positions where ¢ = 0.

L uve= @)

However, the level-set method has limited applicability in cases with strong air-water
interactions, such as breaking waves or air entrapment, where explicit modelling of the air
phase becomes necessary. In such scenarios, two-phase approaches such as the Volume-of-
Fluid (VOF) or Coupled Level Set-VOF (CLSVOF) methods are more appropriate, as they
resolve both water and air phases and better capture complex free-surface dynamics [70].

5.1.3. Morphological Models

In the single-phase framework, the bed morphology is commonly updated using
the Exner sediment continuity equation, that ensures sediment-mass conservation and,
thus, links the divergence of total sediment transport to local erosion and deposition. The
morphological and hydrodynamic models can be fully or partially coupled, the latter
employing larger morphological time steps than the hydrodynamic solution to reduce
computational cost [24,34,39,40]. The Exner equation, describing the temporal evolution of
the bed elevation based on the principle of mass conservation, is expressed as:

)
5+ Veau(t(w) =0 ®)

where ¢ is time, z is seabed level, and g, is the rate of bed transport, which is a function of
bed shear stress T and flow velocity u. For a 3D model in which suspended load is included,
the above equation expands as [39]:

9y
oz Y
ot + 1-n | ox * ay

3
%, 1 -lq’”‘ +E-D=0 ©)

where ¢, and g, represent the bed-load transport rate in the x and y directions, re-
spectively, n is sediment porosity, E is the entrainment rate from bed-load and D is the
deposition rate. The quantity (E — D) corresponds to the balance of entrainment and
deposition at the bed-load—suspension interface and can be determined using Equation (10)
proposed by Wu et al. [71].

E—D = ws-(cps — ¢p) (10)

where w;s is the sediment settling velocity, ¢ is the sediment concentration at the interface,
and cy, is the equilibrium concentration. In the finite-volume method, this interface, the top
of the bed-load layer, is located at a distance 6, above the seabed. The thickness of the bed-
load layer Jj, is commonly taken as two times the median sediment grain (2d5g) for flat beds
and as 2/3 of the roughness height for beds with a sinusoidal surface [71]. Since J;, lies below
the lowest grid point (Igp) above the bed, where concentration cjg, is known, interpolation
is required to obtain c; at Jj,. Following Wu et al. [71], the concentration distribution can be
assumed to follow an equilibrium distribution, leading to the formulation given in Equation
(11). The sediment settling velocity, ws, can be obtained from Equation (12) proposed by
Soulsby [22] for natural sands with irregular grains of any D,.

Cp = Cigp + Cps- {1 — e(wstfc/vrf)(zlgp—%)} (11)
v 2 3\ 09
ws = 2. (10.36 +1.049D*) ~10.36 (12)
dso
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where o is the Schmidt number, vy is the eddy viscosity, and D is a particle size parameter
defined in Equation (4). The equilibrium concentration c;,, according to van Rijn [72], is

defined as:
dsoT"

5,D03

cp = 0.015- (13)
where T is a non-dimensional parameter characterising bed shear stress, the definition of
which can be found in [71].

To account for slope instability, slope effects and sand-slide (avalanching) algorithms
are often incorporated, ensuring that the bed slope remains below the angle of repose
(9). This angle depends on the orientation between the bed slope and velocity vector—
being larger for downslope than upslope conditions [9,39]—and on soil properties such as
cohesion, grain size, and shape [73]. Burkow and Griebel [73] proposed a model for single-
phase numerical analyses that limit bed slopes below tan ¢. Their approach recalculates
slopes at each time step and, if limits are exceeded, iteratively redistributes soil mass to
adjacent cells until all slopes satisfy the criterion. Additionally, the slope within the scour
hole influences the evolution of erosion; therefore, the critical shear stress in sediment-
transport formulations should explicitly account for slope effects, as discussed earlier and
indicated in Equation (3) [35].

Although mesh deformation is typically applied only in the vertical (z) direction—an
assumption valid for vertical piles under axisymmetric conditions—inclined-piles induce
additional horizontal deformations. As noted by Liu et al. [44], displacement corrections
must be incorporated into sand-slide models to ensure that the evolving bed surface con-
forms to the sloping contour of the pile. Without such corrections, the mesh boundary may
intersect or detach from the inclined pile surface, resulting in unrealistic scour patterns and
numerical inconsistencies. To address this, Liu et al. [44] proposed introducing horizontal
displacement components for an inclined pile whose axis (generatrix) is described by the
direction cosines (cosa, cospB, cosy):

Axy = wilzy-cosa/cosy, Ay, = w;Azy-cosp/cosy (14)

where w; is a weighting factor defined as cos(%” -d), with D denoting the pile diameter and
d the distance from the pile-bed intersection. The direction cosines define the orientation of
the inclined pile relative to the global Cartesian coordinate system and are used to derive
the horizontal x- and y-displacement components from the computed vertical bed-elevation
change. In this way, the resulting three-dimensional bed-mesh displacement is coordinated
with the inclined-pile geometry and can be introduced into the sand-slide model so that
the bed-mesh deformation conforms to the inclined pile contour. This coordinate-based
decomposition ensures that mesh nodes adjacent to the pile are displaced consistently with
the pile inclination, rather than purely along the global vertical direction. Liu et al. [44]
further emphasised that coordination between the motion of the bed mesh and that of the
inclined-pile mesh is important for numerical convergence, since excessive distortion of the
pile-adjacent mesh may otherwise develop during morphological evolution. The weighting
function wj is introduced to constrain the horizontal displacements and mitigate excessive
mesh skewness of near-bed mesh cells that could otherwise lead to numerical instability.

5.1.4. Modelling Evolving Beds

Bed morphology evolves dynamically, which in principle would require continuous
remeshing to match the moving boundary. In one class of methods, often referred to as
adaptive meshing, bed-level changes are first computed at the cell centre (Ah;) from the
Exner equation. These changes are then interpolated to the mesh vertices (Ahy ,,,4.) along
the bed boundary by following an area-weighted method proposed by Liang et al. [24].
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The weight is computed for each (j) of the m elements surrounding a node considering the
elements area S; as per Equation (15), while Ahy, 54, is computed as per Equation (16).

PP (15)
] jnil S]-
m
Ahyoge = Y _AjDAhy i (16)
i=1

Once nodal displacements at the bed nodes are computed, the resulting deformations
are propagated into the interior mesh. Liang et al. [24] combined spring smoothing with
local remeshing to maintain mesh quality. Spring smoothing distributes the boundary
displacement through neighbouring nodes, while local remeshing regenerates cells that
become excessively distorted. This combination allows the mesh to conform to the evolving
bed while reducing the risk of cell overlap and numerical instability. Alternatively, bed
displacements can be propagated through the computational domain by solving a Laplace
equation for mesh motion [74,75]. On this basis, the Arbitrary Lagrangian-Eulerian (ALE)
method can also be employed [44,76]. ALE allows the computational mesh to deform with
the evolving bed while prescribing mesh motion independently of material motion. Nodes
close to the bed follow the boundary deformation, whereas the interior mesh remains
comparatively fixed to preserve mesh quality. The resulting mesh displacement field can
be obtained by solving a Laplace equation:

V-(7Vd) =0 (17)

where d is mesh displacement vector and v is a diffusion coefficient. The updated
bed elevation defines the boundary conditions of the equation, whose solution dis-
tributes the deformation smoothly throughout the computational domain and prevents
excessive distortion.

Updating the mesh at every time step is computationally expensive; therefore, single-
phase scour simulations often employ the immersed boundary method (IBM). IBM is a
numerical technique for handling complex or moving geometries in CFD without requiring
a body-fitted mesh, which has been used in both fluid—structure interaction problems [46]
and scour problems [34,39]. In IBM, the computational grid remains fixed while the
evolving seabed is represented as an immersed boundary, with its influence on the flow
imposed through nearby cells, typically using a local ghost-cell approach.

In this approach, cells located below the immersed boundary are designated as ghost
cells, while the rest are treated as fluid cells. Following the local directional ghost-cell
method [77], for each ghost cell, an image point is defined by projecting the ghost-cell
centre along the boundary-normal direction into the fluid region. Flow variables at the
image point are obtained by interpolation from neighbouring fluid cells, and ghost-cell
values are assigned to enforce the prescribed velocity, pressure, and sediment boundary
conditions. The directional projection applies these conditions at the actual boundary
location and is therefore better suited to curved or inclined geometries than grid-aligned
interpolation approaches [78-80].

A further challenge in single-phase scour modelling is the reliable representation of
near-bed shear stresses. Conventional CFD wall functions avoid explicit resolution of the
viscous sublayer by relating velocity at the first off-wall grid point to wall shear stress
through semi-empirical relationships. However, their direct application to a mobile seabed
is limited because bed geometry, roughness, and slope evolve during scour, while the
resulting shear stresses must also be coupled to the sediment-transport model through
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the Shields parameter (Equations (1)—(3)) and hence the initiation of motion. Rigid-wall
functions therefore fall short in this context, as they lack (i) dynamic updating to account for
evolving bed geometry, (ii) slope effects, and (iii) explicit coupling with morphodynamics.

To address this limitation, Song et al. [40] proposed a wall-function formulation
embedded in IBM to compute bed shear stresses consistently on evolving sand beds. In
this approach, the shear velocity at the bed (u+) is related to flow velocity u in the fluid
field at a distance y from the bed through the log-law relationship:

1
+_ 2t 1+
ut = Kln(Ey ) (18a)
+_ %
Ut = " (18b)
+_ Uy
y = v (18¢)

where u™ and y T are a measure of dimensionless velocity and wall distance, respectively,
E’ accounts for bed roughness, « is a von Kérman constant and v is kinematic viscosity.

Equation (18a) is solved iteratively (Newton-Raphson) at the image point to obtain the
local shear velocity ur and corresponding bed shear stress T = pu,2. These stresses evolve
with the changing bed topography and are directly coupled to the sediment-transport
and Exner formulations. Current implementations nevertheless neglect explicit slope and
bed-permeability effects, and the IBM wall-function approach remains computationally
more expensive than ALE methods, particularly at high Reynolds numbers [40].

5.1.5. Advantages and Limitations

Single-phase sediment-transport models have relatively low computational demand
compared with two-phase CFD approaches and can generally employ coarser spatial grids
and larger time steps [49]. They can reproduce key scour trends, including sensitivity to
hydrodynamic parameters such as the KC number, and incorporate realistic boundary
conditions, slope effects, and avalanching. They have proven useful for predicting long-
term morphological changes in littoral environments, particularly when flow velocities are
modest and suspended sediment has little feedback on the hydrodynamics [18,49].

Under high-velocity or strongly turbulent conditions, dense near-bed sheet-flow layers
may develop. These conditions cannot be represented reliably by single-phase models
because sediment feedback on the carrier flow is neglected. Suspended load may be ne-
glected under near-clear-water conditions where bed-load transport dominates [18,24,65],
but its omission outside this regime can significantly affect predicted scour and depo-
sition. Baykal et al. [66], for example, reported an underestimation of upstream scour
by nearly 50%, while Liang et al. [24] found overestimation of downstream deposition
when suspended transport in the wake was neglected. Single-phase models also neglect
particle—particle interactions, dense particle—flow interactions, and delayed entrainment of
particles into turbulence. Furthermore, the reliability of commonly used transport formulas
under highly unsteady conditions remains uncertain [49]. Coarse spatial resolution and
reliance on RANS turbulence closures may also under-resolve critical three-dimensional
vortex structures such as horseshoe and lee-wake vortices [81], which contribute strongly
to local-scour development.

A further limitation is the dependence on empirical sediment-transport formulations.
Because the bed is treated as a morphodynamic boundary rather than an interacting
granular phase, sediment mobility must be prescribed through semi-empirical transport
relations. Lancaster et al. [35] showed that replacing the calibrated van Rijn [63] formulation
with Meyer-Peter and Miiller [62] or Engelund and Fredsee [64] produced overpredictions
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of 65% and 77%, respectively, at the downstream corner of the structure. This sensitivity
highlights the need for careful selection and calibration of the transport formulation.

5.1.6. Engineering Applicability

Single-phase Eulerian morphodynamic models are particularly suitable for prelim-
inary and large-scale scour assessments, clear-water or weakly live-bed conditions, and
parametric engineering studies where computational efficiency is important. They are less
suitable in cases involving dense sheet flow, strong sediment feedback, momentary bed
failure, and problems where particle-scale mechanisms control the response. The main
engineering limitation of single-phase CFD-based scour simulations is their sensitivity to
the selected empirical sediment-transport formulation and associated calibration dataset.

5.2. Two-Phase Eulerian—Eulerian Models
5.2.1. Governing Equations and Conceptual Framework

The Eulerian—Eulerian two-phase modelling framework has emerged as one of the
most advanced methodologies for simulating sediment transport and scour processes
in complex hydraulic environments. Unlike single-phase models, which rely heavily on
empirical transport formulas and the division of sediment fluxes into suspended and
bed-load components, the Eulerian—-Eulerian approach treats both the carrier fluid and the
sediment phase as interpenetrating continua. Both phases coexist in the same space but are
described by their own field variables. Each phase satisfies its own mass and momentum
conservation equations, while the two phases interact through interphase momentum-
transfer terms. Particle-particle interactions are not rigorously resolved in such models,
but they are considered through stress closure models for the sediment phase [45,48,82].

Because it is impractical to resolve the detailed motion of every individual sediment
grain and the surrounding fluid, the governing equations for two-phase flow are derived
by applying averaging procedures to the Navier-Stokes equations [48]. This averaging is
performed over a length scale that exceeds the particle diameter, to filter out particle-level
fluctuations, but is still smaller than the characteristic macroscopic flow scale, so that
flow heterogeneities at engineering scales are preserved. Two averaging approaches are
commonly used: ensemble averaging [83], which computes a statistical mean across many
possible system realisations, and volume averaging [84], which computes local averages
over representative spatial volumes containing both phases. The outcome of the averaging
procedure is a set of coupled partial differential equations that describe the evolution of
the fluid and sediment phases. For each phase, mass conservation is expressed through
a continuity equation for the phase volume fraction and velocity field, while momentum
conservation yields a balance between inertial, pressure, viscous, and gravitational forces,
supplemented by interphase momentum-exchange terms such as drag, lift, buoyancy or
added-mass forces [49]. As provided by Cheng et al. [48], the mass conservation equations
are defined by Equations (19) and (20), while the momentum equations are defined in
Equations (21) and (22) for the fluid and sediment phases, respectively.

d(1—¢)
ot

+V(1—-9@)u) =0 (19)

9
£+V(¢us) =0 (20)

ou
pr(1—¢) (atf +uf-Vuf) = —(1=@)Vpr+ VT +ps(1—-9)g+ (1 - ¢)f + My (21)

dus
"S‘P(aut + us'VuS) = —@Vps = Vps + Vs +pspg + of — My 22)
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where ¢ is the sediment concentration per volume, (1 — ¢) is the fluid concentration, us
and us are the fluid and sediment velocity fields, pr and p; are densities and py and ps
are pressures for the two phases. The gravity field is represented by g = [00 —9.81],
and f represents pressure gradient that externally drives the flow, while Mg denotes the
momentum transfer between the phases. 7y is the fluid stress accounting for both viscous
and turbulent Reynolds stresses, while 7, is the sediment shear stress. This separation
is particularly relevant for hollow foundations, such as open-ended pipe piles. In such
cases, the sediment enclosed by the foundation may constitute an internal soil plug whose
gravitational contribution needs to be distinguished from the hydrodynamic forcing acting
on the sediment [85]. In the Eulerian—Eulerian formulation considered here, this distinction
is inherently preserved. In Equation (22), the self-weight of the internal sediment is
represented independently by the body-force term p;¢g, while hydrodynamic forcing
is represented separately through the fluid-pressure gradient, external flow forcing and
interphase momentum-transfer terms. Therefore, when the governing equations are applied
to internal scour, the gravitational contribution associated with the remaining internal
sediment should be retained independently rather than incorporated into the external
hydrodynamic forcing.

The two phases are coupled because the pressure field is common to both phases and
the interphase forces enter the respective momentum equations with equal magnitude
and opposite sign. These equations therefore govern the spatiotemporal evolution of the
sediment concentration, as well as velocity and stress fields of both fluid and sediment,
but they contain additional terms representing particle stresses and turbulence-sediment
interactions that must be closed empirically. Specifically, for the computation of sediment
pressure and shear stress, ps and T, a particle stress closure is required. The sediment
phase is modelled as a continuum with its own rheological properties because of the dual
fluid—-solid behaviour it exhibits depending on sediment concentration, as further detailed
in Section 5.2.2. Similarly, an interphase momentum-transfer closure is needed for the
computation of Mg [48], as described in Section 5.2.3.

5.2.2. Granular-Stress Closure

Unlike simple fluids, sediment beds exhibit both solid-like and fluid-like characteristics
depending on local shear, packing, and stress conditions [49,86,87]. They flow under shear
like a viscous fluid when dilute, yet sustain finite shear stresses without deformation when
densely packed. When the bed is mobilised, dense granular regions coexist with dilute
suspensions, leading to strong spatial variations in the effective stress response of the
sediment phase. A rheological closure is therefore essential in Eulerian—-Eulerian two-phase
models to relate the sediment-phase stress tensor, s, and pressure, ps, to measurable flow
variables such as the sediment concentration ¢ and strain rate 7y [48,49].

In granular-flow modelling, distinct rheological closures apply to specific concentra-
tion ranges: kinetic theory of granular flow for dilute to moderately dense suspensions
(¢ £0.3), hybrid or u(I)-type models for dense regimes (0.3 < ¢ < 0.6), and frictional
or viscoplastic closures as ¢ approaches maximum packing (¢ 2 0.6). Traditional single-
phase or empirical transport formulations assume Newtonian behaviour with constant
viscosity, but this approximation fails within dense near-bed layers where particle contacts
dominate and stresses become nonlinear [49,88]. In these regions, the sediment phase
exhibits non-Newtonian, rate-dependent rheology. Two-phase approaches therefore em-
ploy constitutive laws derived from granular-flow theory to represent both collisional and
frictional regimes [48,49,89,90]. The constitutive behaviour of the sediment phase governs
the transfer of shear and normal stresses within the granular medium and controls the
transition from static to mobile conditions. Various rheological closures have been proposed
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to represent the effective stress—strain relationship of the sediment phase across different
concentration regimes.

In the dilute to moderately dense regime (0.08 < ¢ < 0.3), particle collisions dominate
momentum exchange, and the kinetic theory of granular flow (KTGF) provides an appro-
priate rheological framework [45]. KTGF treats the sediment phase analogously to gas and
introduces a granular temperature, ©, defined as one-third of the velocity fluctuations. The
constitutive relations for sediment collisional pressure and shear stress, psc and s, can be
expressed as follows. Equation (23) follows Ding and Gidaspow [91], Equation (24) adopts
the radial distribution function proposed by Torquato [92], and Equation (25) follows
Gidaspow [93], as implemented by Cheng et al. [48]:

Psc = ps@[1+2(1 + ) 98500, (23)
2—¢

2P S P

8s0 = 2—g, ﬁ%fﬁ"t <0< ’ (24)
2(17(Pt)3 (prq”(Pt (P (Pp
2

Toe = 21, Ds + (ASC — 3”“) (Vus)éij, (25)

1 [ duy; a”sj
D.:;:= = s 26
=G+ e

where ¢ is the coefficient of restitution, Ds is a strain-rate tensor for the velocity field, (Sij
is the Kronecker delta, pus. is the collisional particle shear viscosity and As. is the bulk
viscosity. The parameter g9 accounts for the increasing collision frequency as the sediment
concentration approaches maximum packing. The expression adopted in Equation (24),
originally proposed by Torquato [92] for hard spheres and later applied to two-phase
sheet-flow modelling by Hsu et al. [94], depends on the maximum packing fraction ¢,
and a threshold packing fraction ¢; associated with the transition towards more ordered
particle arrangements. For 2D problems, pp = 0.82 and ¢; = 0.69, while for 3D cases
¢p = 0.64 and ¢ = 0.49.

Various viscosity definitions can be found in the literature [90,91,93,95]; for brevity,
only those incorporated by Cheng et al. [48] in the OpenFOAM CFD tool and which later
have found wide application [45,49,81,82] are presented:

B 49°g.0(1+e)  /Tg(1+e)(3e—1)¢? NG
Hse = sV O | =0 o 15(3—e) 6(3—¢) @7)
6
Asczgpsdqﬁgso(ue) = (28)

KTGEF reliably represents collisional stresses in suspension layers but tends to overpre-
dict mobility in dense near-bed regions where enduring contacts prevail [49]. When the
packing fraction increases (0.3 < ¢ < 0.6), sediment deformation is slow, collisions are no
longer instantaneous and the stress transmission becomes frictional [90]. Hybrid frictional-
collisional models therefore combine KTGF with a frictional closure above a threshold
sediment concentration. A widely adopted formulation is that of Johnson and Jackson [90],
in which the total granular stress is expressed as the sum of collisional s, and frictional Tof
components (Equation (29)). The frictional component may be expressed in terms of the
normal frictional stress p,s and internal friction angle ¢, following the Coulomb criterion
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(Equation (30)). The frictional stress p,; can be defined as per Equation (31) and adds up to
the collisional stress ps. to compute the total particle stress ps (Equation (32)).

Ts = Tsc + Tsf (29)
Tsf = PsfSings (30)
0, ¢ < ¢t
psf = )a (‘P*q’t)”;, @ > ®p (31)
(‘PP*‘P)
Ps = Psc T+ Psf (32)

The frictional-pressure formulation in Equation (31) provides a smooth transition from
collisional to enduring-contact behaviour and increases rapidly as the sediment concen-
tration approaches maximum packing. Its empirical coefficients F, m and n control the
magnitude and rate of this increase and therefore require calibration against representative
experimental or DEM data [48,49]. Appropriate calibration is necessary to reproduce an
immobile bed beneath a mobile sediment layer [48].

An alternative is provided by the y(I) rheology, also called the dense granular-flow
rheology. This was first introduced by Jop et al. [96] to capture the flow behaviour of dense,
dry granular materials through a viscoplastic continuum model. Unlike kinetic theory,
which assumes instantaneous binary collisions, the y(I) formulation accounts for enduring
contacts and frictional stress transmission between particles. In this approach, the granular
material is prescribed as an incompressible viscoplastic fluid, with the shear-to-normal
stress ratio governed by the inertial number (I), a dimensionless measure of the relative
importance of shear deformation to confining pressure:

R (33)

V' Plpg

where 7 is the shear rate, P the normal stress (isotropic pressure in 3D conditions), d the
particle diameter, and p; the particle density. The constitutive relationship connecting the
shear stress 7; and the normal stress P is then given as:

T = u(I)P (34)

where y(I) denotes the effective friction coefficient, which evolves with I as:

() = ps + F2 1% (35)
1+1

where s and yp represent the minimum (yield) and maximum (high-shear) friction coeffi-
cients, respectively, and Iy controls the transition between quasi-static and inertial regimes.
These parameters are material-dependent and should be determined from rheological data
representative of the granular material considered. In the calibration procedure described
by Jop et al. [97], ys and p, were obtained from an experimentally calibrated basal-friction
law for steady inclined-plane flows, while Iy was derived analytically using parameters
determined from those experiments.

The three-dimensional generalisation proposed by Jop et al. [96] defines the internal
stress tensor ¢ and shear stress T as:

o =0j= —P5,‘j + Ts (36)
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Ts = Tj = 17; (37)

where the effective viscosity # and strain-rate tensor "yi]- are defined as:

n= ”ﬁ)f (39)

. 1. .
¥ = \ 27 Vi (39)

As the shear rate vanishes (|| — 0), the inertial number I — 0, implying (1) — s
and 1 — oo. This divergence of effective viscosity implies that particles resist deformation

ow
’)/1] o aM] au,- !

as a rigid solid and ensures the existence of a yield criterion, derived from Equations (34)
and (35):
Ts > WP (40)

Below the limit y; P, the granular material behaves as a rigid solid, while above the
limit, it yields and flows as a viscoplastic fluid.

Forterre and Pouliquen [98] expanded the i (I) rheology to a broader range of dense
granular flows by allowing both the effective friction coefficient and particle volume
fraction to vary with the inertial number. This refinement accounts for weak compress-
ibility effects and improves the model’s applicability to more complex, non-homogeneous
flow conditions. More recent extensions of the y(I) rheology incorporate nonlocal effects
through granular-fluidity formulations [99-101]. These formulations improve predictions
of creeping flows and spatially heterogeneous shear zones and are therefore promising for
modelling sediment mobilisation and scour onset in densely packed beds.

The classical p(I) formulation is principally applicable to cohesionless materials in
the grain-inertia regime. For sufficiently fine submerged sediments, viscous effects may
instead dominate grain inertia. Boyer et al. [102] therefore formulated an analogous friction
law in terms of the viscous number, with the rheological coefficients determined from
pressure-controlled suspension experiments. Chauchat et al. [49] subsequently incorpo-
rated such regime-dependent rheologies into the two-phase sediment-transport framework
implemented in SedFOAM. For cohesive sediments, the effective friction has been shown
to depart more slowly from its quasi-static limit than for cohesionless grains [103], which
may lead to a different fitted Iy. However, cohesion also introduces an additional stress
scale that is not represented in the classical formulation, and its effects therefore cannot
generally be represented by recalibration of Iy alone. Studies of cohesive granular flows
have therefore extended the rheology by introducing an additional cohesion-dependent
parameter or stress contribution [103,104]. More recently, Blatny et al. [105] incorporated
cohesion through a modified effective pressure used in the definition of the inertial number,
rather than simply adjusting Iy. Consequently, application to cohesive marine sediments
or silts requires material-specific rheological characterisation and explicit representation
of cohesion.

At high Reynolds numbers, where turbulent fluctuations drive intergranular motion,
a turbulent extension of the y(I) rheology has been proposed by introducing a turbulent
inertial number based on shear velocity [106]. These developments provide a continuous
rheological framework spanning laminar, collisional, and turbulent granular regimes,
enabling modern two-phase models such as Sed FOAM [49] to reproduce the transition from
static bed to sheet flow and suspension.
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5.2.3. Closure Models for Interphase Interactions

Closure models for interphase interactions are essential for describing the exchange
of momentum, My, appearing in Equations (21) and (22), between the fluid and sediment
phases. Drew [83] decomposed the interphase momentum term into distinct contribu-
tions associated with the interphase velocity, interphase pressure, and interphase force
density. These are typically interpreted as representing the momentum components due to
buoyancy, turbulence suspension, drag, lift and added mass. Among these, the first three
dominate the total interphase momentum exchange in sediment-laden flows, while lift and
added-mass forces are generally considered to be of secondary importance and are often
neglected [48,93].

Building on this theoretical framework, the general form of the fluid-to-solid inter-
phase momentum exchange per unit volume, as implemented by Cheng et al. [48] in
their OpenFOAM-based solver SedFOAM and subsequently adopted in other related stud-
ies [49,82], can be expressed as:

My = — P (uf — us) +5%V(P+V[Pf(1 =0 (41)

where py is the fluid pressure, § is a drag parameter, o¢ is the Schmidt number and vy,
is eddy viscosity. The three terms on the right-hand side represent mean drag, turbulent
suspension, and buoyancy effects, respectively.

The first term describes the drag force arising from the difference in fluid and solid
velocities. Its coefficient 8 is commonly defined using empirical correlations; numerical
scouring studies [48,49,91] typically employ a closure in which B is a function of both ¢
and particle Reynolds number. Such a closure for f is suitable for both dense and dilute
sediment-concentration regimes, as it ensures smooth drag transitions between them. The
second term represents the turbulent suspension effect, which captures the momentum
transfer resulting from correlations between fluctuations in sediment concentration and
fluid velocity. Its formulation involves the turbulent Schmidt number o, a dimensionless
parameter that characterises the ratio of turbulent momentum diffusivity to sediment
diffusivity. The value of o; is expected to vary with particle size, flow regime, and turbu-
lence intensity. Previous studies [107,108] have reported o, < 1, indicating that sediment
diffusivity generally exceeds momentum diffusivity in turbulent flows. For simplicity and
numerical robustness, Cheng et al. [48] adopted 0. = 1, noting that variations in this
parameter exert a comparatively minor influence on model stability relative to uncertainties
associated with drag closure.

Lift and added-mass forces, not accounted for by Equation (41), become significant
in regions where spatial velocity gradients, strong shear, or rapid particle accelerations
occur. These effects are particularly relevant under highly unsteady flow conditions, such
as impulsive wave impacts or bed collapse events. A more comprehensive formulation of
the interphase momentum exchange that explicitly incorporates these additional forces is
presented by Mathieu et al. [82].

5.2.4. Fluid Turbulence Closure

Turbulence plays a critical role in scouring phenomena, controlling the entrainment,
suspension, and transport of sediment. Within Eulerian-Eulerian two-phase formulations,
the representation of turbulence is particularly challenging due to the need to resolve
interactions between fluid velocity fluctuations and dispersed sediment particles. Unlike
single-phase turbulence models, which are typically calibrated for clear-water flows, two-
phase approaches must account for particle-induced turbulence modulation, turbulence-
driven sediment suspension, and the fluid-sediment coupling mechanisms.
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From Equations (11) and (41), the eddy viscosity and fluid stress require closure.
The fluid stress comprises the conventional viscous and Reynolds stresses (Ry) together
with a grain-scale contribution associated with fluid-particle interactions (ry), the latter
being commonly neglected because of limited experimental data [48]. The most widely
adopted approach has been the use of Reynolds-Averaged Navier-Stokes (RANS) models,
particularly the k-¢ [59] or k-w [60] formulations, where k is turbulent kinetic energy, while
€ and w are turbulent kinetic energy dissipation rates. The two widely adopted definitions
of eddy viscosity for the two closures are:

Ve = Cuk?/e (42)

v =k/w (43)

where C, is an empirical coefficient.

For sediment-laden scour, conventional k-¢ clear-fluid turbulence closures have been
modified to account for sediment-induced effects on turbulence [48,49,86,87,94]. The prin-
cipal modification accounts for turbulence damping caused by density increase, with
density gradients significantly attenuating turbulence, particularly for fine sediments at
high Shields parameters [74]. A second modification accounts for turbulence modulation
associated with drag and particle inertia [109]. Particle inertia additionally governs the de-
gree of fluid—sediment coupling: low-inertia particles tend to follow turbulent fluctuations,
whereas larger-inertia particles respond less strongly to eddy motion and may themselves
modify the turbulence field.

Hsu et al. [94] proposed a k-¢ turbulence closure for sheet-flow conditions involving
massive particles, where the accuracy of the turbulence closure is less critical to the model’s
reliability compared with the granular-flow formulation. Amoudry et al. [86] extended the
formulation to improve its applicability to finer sediments, for which turbulence-model
selection becomes increasingly important. It should also be noted that, for scour problems
with large particles, small-scale turbulence can become important, which, however, is
neglected in most of the existing turbulence formulations. These conditions can result in
excessive energy dissipation of the flow, which is not captured when small-scale turbulence
effects are not considered [94]. Neglecting this mechanism underestimates the total energy
dissipation, potentially leading to overpredicted flow velocities under prescribed forcing,
or underestimated hydraulic resistance under prescribed discharge. The associated errors
in near-bed velocity and shear stress may affect sediment mobilisation and the predicted
rate of scour development, even if the final scour depth is less sensitive.

The k-¢ turbulence closure is widely used for high-Reynolds-number flows but be-
comes less reliable near solid boundaries where adverse pressure gradients, flow separa-
tion, strong shear, and anisotropic vortex structures occur [49,55,110]. In particular, and as
demonstrated by Ikani et al. [55], the k-¢ tends to underestimate turbulent kinetic energy
in high-shear zones close to the bed or structural surfaces, where complex turbulence
generation and dissipation dominate. k-w-based formulations generally provide improved
near-wall behaviour and have therefore been adopted in scour simulations where reliable
representation of the near-bed boundary layer is important [110]. Menter [111] combined
the k-w formulation near walls with k-e-type behaviour away from boundaries through the
baseline (BSL) model and subsequently the shear-stress-transport (SST) model. The k-w SST
formulation additionally limits the turbulent viscosity in regions of strong shear, improving
the representation of flow separation under adverse pressure gradients [44,76,111,112]. It
has consequently been widely adopted in scour simulations [44,81,110,112].

Jha and Bombardelli [113] were among the first to adapt Wilcox’s [114] k-w closure for
two-phase dilute sediment-laden flows, adding terms to represent fluid—particle velocity
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correlations and drag-induced energy exchange. Amoudry [115] extended this approach
for dense oscillatory sheet flows, incorporating an explicit interphase momentum-transfer
term that adds dissipation due to drag-related velocity differences between phases. This
additional source reduces k and increases w in regions of strong coupling. Unlike Jha and
Bombardelli’s [113] dilute-flow formulation, Amoudry’s [115] model included granular
rheology to capture particle collisions and near-bed stresses, making it more suitable for
conditions involving high sediment concentrations and strong phase coupling. Cheng
et al. [48] and Chauchat et al. [49] implemented some of the above k-¢ and k-w formulations
within the OpenFOAM-based solver, SedFOAM. SedFOAM also incorporates the mixing
length turbulence model proposed by Jenkins and Hanes [116], which has been applied
mainly to 1D two-phase sheet-flow simulations [117].

While RANS-based closures dominate current two-phase scour modelling, Large
Eddy Simulation (LES) is gaining interest for capturing unsteady, anisotropic turbulence
and coherent structures, such as horseshoe vortices, ripple-induced vortices, separated
shear layers, wake structures, and near-bed streaks associated with downstream sediment
transport [118]. LES is based on the classical Smagorinsky [61] formulation and resolves
larger energy-containing turbulent structures through the direct numerical simulation
(DNS) method and small-scale ones through sub-grid scale stress (SGS) method [54]. This
improves turbulence representation but requires fine grids, especially near the bed [81],
making LES computationally expensive for large-scale scour simulations. Hybrid RANS-
LES models, such as the k-wSST-IDDES [119] and k-wSST-SAS [120], balance accuracy
and cost by applying RANS treatment near walls and LES in regions where large-scale
eddies dominate. These hybrid approaches have shown promise for resolving key unsteady
structures in scour flows while maintaining computational feasibility [81], although their
application in fully coupled two-phase sediment transport remains limited.

5.2.5. Sediment Transport and Bed Evolution

A distinctive strength of Eulerian—Eulerian models is their ability to resolve sediment
transport and bed evolution in a unified continuum framework. Unlike traditional mor-
phodynamic models, which rely on empirical bed-load formulas coupled with the Exner
equation, the Eulerian—Eulerian approach treats sediment flux as an emergent property of
phase interactions and bed deformation. Bed evolution in two-phase models arises natu-
rally from the conservation of sediment mass and momentum, without requiring separate
erosion—deposition source terms. This approach allows for more realistic simulation of
transient processes such as avalanching, momentary bed failure, and sheet-flow transport.

Near the bed, the sediment volume fraction may increase to around 60% [49]. Here,
particle-particle stresses dominate, and the bed behaves as a quasi-solid with intermittent
mobilisation. Cheng et al. [48] demonstrated this in SedFOAM by capturing momentary
bed failure events, where horizontal pressure gradients induced by steep waves destabilised
the bed and generated bursts of transport that could not be explained by bed shear stress
alone. In fact, it was shown that the dimensionless shear stress, the Shields parameter, may
become irrelevant in cases of sediment transport due to bed failure. These results highlight
the capacity of Eulerian—Eulerian frameworks to move beyond Shields-parameter-based
formulations that are commonly used to assess the sediment transport. As mentioned, these
frameworks enable the transition from immobile to mobile layers by combining collisional
and frictional closures.

Recent studies have also derived scaling relations linking sediment flux to parameters
such as the Shields, Reynolds, and Stokes numbers. These laws provide non-dimensional
power-law relations linking sediment flux to near-bed turbulence intensity and shear. Kee-
tels et al. [26] demonstrated that sediment flux scales with Rep91'5 at moderate Shields
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numbers (0.15 < § < 1), where buoyancy and turbulence production dominate. It scales
with 8% at higher Shields numbers (6 > 1), where TKE dissipation is dominated by colli-
sions and drag and sediment flux becomes less sensitive to 8. This transition highlights the
role of turbulence modulation, rather than mean shear alone, in dense sediment entrain-
ment and provides a physically grounded link between empirical transport formulations
and two-phase turbulence-resolving models.

Two-phase models have also demonstrated the capability to resolve phase-dependent
transport processes without empirical partitioning between bed-load and suspension.
Salimi-Tarazouj et al. [121] applied SedFOAM to investigate wave-shape asymmetry and
skewness, showing that these characteristics strongly influence phase-lag effects and
sediment-transport direction. Acceleration-skewed waves produced predominantly on-
shore transport, and velocity-skewed waves produced offshore transport, while combined
asymmetry and skewness resulted in competing mechanisms and reduced net transport.

Nagel et al. [45] reproduced live-bed scour around a vertical pile, including upstream
horseshoe-vortex scour and wake deposition. Importantly, the model captured gravitational
avalanching of sediments when the bed slope exceeded the angle of repose, a process
usually parameterised empirically in classical morphodynamic models. Applications to
scour downstream of aprons [49] and beneath pipelines [122,123] further illustrate the
value of this approach. More recently, the two-phase approach was extended to a three-
phase model and implemented in a new OpenFOAM solver, sedInterFOAM, to account
for free-surface effects on sediment-transport problems [82]. These advances underline
the potential of Eulerian—Eulerian models to reveal mechanisms of bed instability and
sediment mobilisation that remain hidden in conventional formulations.

5.2.6. Numerical Implementation in Finite-Volume Method

The algorithmic structure of Eulerian-Eulerian two-phase scour models is summarised
in Figure 4, which illustrates the exchange of information between the CFD solver, the
granular-stress closure and the interphase interaction closure over a single time step.
Eulerian-Eulerian two-phase models are commonly implemented within finite-volume
frameworks such as OpenFOAM [48,49,82,122] and FLOW-3D [124,125]. OpenFOAM has
gained wider adoption for scour-related simulations due to its open-source accessibility
and flexibility for developing customised multiphase solvers. Several two-phase solvers,
including SedFOAM [48], SedFOAM-2.0 [49] and SedInterFOAM [82], employ collocated
grids with Rhie-Chow interpolation to prevent pressure—velocity decoupling [126]. In
OpenFOAM, this correction is embedded in the SIMPLE, PISO, and PIMPLE pressure—
velocity coupling algorithms.

Pressure—velocity coupling is commonly handled using PISO or PIMPLE for transient
scour simulations. PISO is directly formulated for transient calculations, while PIMPLE
combines PISO-type corrections with outer iterations, providing additional robustness for
strongly coupled problems and allowing the selection of greater time steps [127]. The time
step is constrained by the Courant number, which is typically kept below unity and defined
as the product of local cell velocity (U) and the time step (At) divided by the cell distance
(Ax), as shown in Equation (44). PIMPLE provides both robustness and temporal reliability
and has therefore been widely adopted in unsteady two-phase sediment-transport and
scour simulations [48].

Co = UAt/Ax (44)

In the solver of Cheng et al. [48], the momentum equations for both phases are first
solved to obtain intermediate velocities, with interphase drag evaluated explicitly from the
previous time step. A pressure equation is then derived from the phase continuity equations
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and used to correct the velocities of both phases. The corrected velocities are subsequently
used to update the sediment concentration, turbulence variables, and phase stresses.

Mesh design plays a crucial role in resolving bed—flow interactions. Adequate mesh
resolution is required near the sediment bed and around structures to capture steep con-
centration gradients and scour-driving vortices [45]. Time stepping should also satisfy
Courant-Friedrichs-Lewy (CFL) constraints associated with both fluid and relative fluid—
sediment fluxes [49]. These requirements can impose small time steps, particularly in
three-dimensional simulations with high sediment concentrations, increasing computa-
tional cost.

Input from solution of time step (i — 1)

* Fluid velocity and pressure: uf(i_l),pﬁi_l)

» Sediment velocity, pressure, stress and concentration: ugi_l), pgi_l), Tf_l), (p(i‘l)

* Turbulence quantities
» Sediment properties (assumed constant)
* Boundary conditions at t*

[N

us, 9", Wy, P Ve u, ¢
Interphase Interaction CFD Solver Granular Stress Closure
Closure » Two-phase continuity and Rheology for sediment
Interphase momentum momentum equations pressure and shear stress
transfer (M;'f) * Turbulence closure for fluid
;‘f T;' pé

Two-phase solution at time step i
e Fluid field: 1L mi

Fluid field: ug, pr -
* Sediment field: ut, pt, &, @
* Updated sediment distribution

i

Figure 4. Schematic information exchange between two-phase CFD solver, granular-stress and
interphase interaction closures within a single time step i.

5.2.7. Advantages and Limitations

Eulerian-Eulerian two-phase models can represent both dense near-bed layers and
dilute suspensions within a unified framework, without empirical partitioning between
bed load and suspended load. Sediment transport emerges from the coupled conservation
equations, allowing entrainment, sheet flow, avalanching, and suspension to be examined
within a unified framework. The approach also accounts for two-way feedback between
sediment and turbulent flow, which is important under strongly coupled scour conditions.

However, these capabilities come at substantial computational cost, mainly because
of the fine near-bed resolution and small time steps imposed by CFL restrictions [45].
Computational demands increase further for three-dimensional simulations and strongly
coupled sediment-flow conditions, limiting feasible domain size and simulation dura-
tion. For this reason, they are mostly validated against experimental data, while their
extension to field conditions remains uncertain, particularly for heterogeneous sediments,
stratified flows, or irregular wave climates. Model reliability also depends strongly on the
closures used for granular stresses, turbulence, and turbulence-sediment coupling. Their
applicability depends on sediment characteristics and flow conditions, and reliability may
decrease when closures are applied outside the conditions for which they were calibrated.
Many turbulence-model coefficients are based primarily on clear-fluid data and remain
insufficiently validated across different grain sizes, concentrations, and stratification con-

https://doi.org/10.3390 /jmse14191775


https://doi.org/10.3390/jmse14191775

J. Mar. Sci. Eng. 2026, 14,1775

24 of 46

ditions [49,94]. Additionally, the commonly used turbulence closures neglect small-scale
turbulent motions, potentially underestimating flow-energy dissipation, particularly for
relatively large sediment particles [94].

Turbulence-model selection therefore involves a trade-off between near-bed resolution
and computational cost. Low-Reynolds-number formulations (e.g., k-wSST) require very
fine near-wall meshes which increase computational demand and may hinder numerical
convergence, whereas wall-function approaches (e.g., k-¢) permit coarser resolution but
may introduce near-bed velocity bias [110]. More advanced approaches such as Reynolds-
stress models and LES can better represent complex unsteady turbulence but substantially
increase computational cost [55]. Moreover, this additional cost may not always result in
significant improvement over less computationally demanding k-wSST and k-¢ formula-
tions [110].

5.2.8. Engineering Applicability

Two-phase Eulerian-Eulerian CFD models are particularly suitable for problems in-
volving dense sediment transport, sheet-flow conditions, live-bed scour, and cases in which
feedback between sediment concentration, turbulence, and flow momentum is impor-
tant. Their applicability is more limited for routine design or large field-scale parametric
studies, unless sufficient computational resources and appropriate calibration data are
available. The principal engineering limitation of two-phase Eulerian—Eulerian models is
their sensitivity to granular-stress closures, turbulence-sediment coupling assumptions,
and near-bed resolution.

6. CFD-DEM

The coupling of Computational Fluid Dynamics (CFD) with the Discrete Element
Method (DEM) has become an influential tool for investigating sediment transport and
scour, enabling simultaneous resolution of fluid dynamics and particle-scale mechanics.
CFD-DEM adopts a Eulerian—Lagrangian strategy wherein the fluid is solved in the Eu-
lerian domain and each sediment grain is tracked explicitly in the Lagrangian domain.
Unlike continuum approaches, this framework permits direct representation of particle
collisions, microstructural rearrangements, and fluid-structure interaction, all of which are
central to the initiation and development of scour.

6.1. Fluid Phase

The carrier fluid in CFD-DEM models is governed by the incompressible Navier—
Stokes equations, formulated to incorporate the influence of sediment particles. The result-
ing mass and momentum conservation equations (Equations (19) and (21)) are structurally
identical to those used in the Eulerian—Eulerian formulation presented in Section 5.2.1.
However, the physical interpretation differs substantially. In CFD-DEM, the local sediment
concentration is not obtained from a continuum transport equation but is instead computed
directly from the spatial distribution of DEM particles within each CFD control volume,
providing an instantaneous, geometry-based estimate of porosity.

Similarly, although the fluid momentum equation includes the same interphase
momentum-exchange terms—drag, lift, pressure-gradient, and viscous forces—their com-
putation differs between the two frameworks. In CFD-DEM models, these forces are
evaluated explicitly for each individual particle and subsequently mapped onto the fluid
mesh as volumetric source terms. This approach is more rigorous than that used in Eulerian—
Eulerian models, which rely on continuum closures for interphase momentum exchange,
typically based on empirical drag correlations and constitutive assumptions for multiphase
flow. Turbulence modelling also follows a distinct practice in CFD-DEM simulations. Be-
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cause resolving the large-scale coherent structures that drive sediment entrainment is often
crucial, Large Eddy Simulation is the preferred choice [25,54]. Nevertheless, RANS closures
have also been employed [110] in studies where computational efficiency is a priority.

6.2. Particle Phase—DEM

In the DEM formulation, sediment grains are treated as discrete spherical entities
subjected to various forces all acting at their centre due to particle—particle and particle—
fluid interactions. The forces acting on each particle include normal contact (f,,), tangential
contact (f;), gravity, and fluid—particle forces. The latter consist of the drag (f};), pressure
gradient (f,) and viscous forces (f,), the definitions of which can be found in [25]. By taking
the equilibrium of these forces for each particle i and complying with Newton’s second law,
the equations that govern the particle’s translational and rotational motion are respectively

given by:
dup,i T
Mp=ap = Z(fn,ij +ft,ij) +mpg+faitfith (45)
=
dw,;
% = Y [Ri < (Fo+ i) (46)
p=r

where 1, ; and wy,; are the particle’s translational and angular velocities, m, and I, are
the particle’s mass and rotational inertia, g is the gravity vector, R; is the vector from the
contact point to the particle’s centre, and #, is the number of particles that are in contact
with particle i.

The normal and tangential contact forces are computed using a particle—particle
contact model. The Hertz-Mindlin non-slip model [128] is typically used in CFD-DEM
scour simulations [25,54,110], which prescribes normal and tangential spring-dashpot
behaviour, and slipper based on Coulomb friction limits. The normal contact force can
be defined either through a linear elastic model or through a more advanced nonlinear
formulation. While linear elastic models are simple and computationally efficient, their
reliability relies on the model’s elastic parameters, which are often difficult to determine,
and they do not adequately capture the evolving force-displacement behaviour typical of
granular systems. In sediment transport, where particle contacts experience rapidly varying
loads, such limitations become significant. For this reason, Yazdanfar et al. [110] adopted a
nonlinear Hertz—Mindlin contact model, as it provides a more realistic representation of
collision mechanics and better reflects the dynamic nature of particle interactions.

6.3. Numerical Coupling

CFD-DEM models rely on a bidirectional exchange of information between the Eule-
rian fluid field and the Lagrangian particle system. Figure 5 schematically illustrates the
CFD-DEM numerical coupling procedure, highlighting the exchange of flow variables,
particle kinematics, and interaction forces between the CFD solver, the DEM solver, and a
coupling routine within a single physical time step. The figure also indicates the iterative
nature of the coupling, which continues until convergence is reached before advancing to
the subsequent time step.

Previous scour-related CFD-DEM studies employ the CFDEMcoupling framework
originally developed by Goniva et al. [129], which links the finite-volume CFD solver
OpenFOAM with the DEM package LIGGGHTS. In this framework, the coupling proceeds
as follows [25]: the CFD solver first updates the fluid flow field and passes pressure,
velocity, and eddy viscosity data to the coupling routine. Using these fields, the coupling
module computes the hydrodynamic forces acting on individual particles ( fé, f;, f{,) and
supplies them to the DEM solver. DEM then assembles all resultant forces on each particle
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and updates the particle positions and velocities. This information is fed into the coupling
routine, which solves the particle-scale momentum equations and calculates the resulting
particle concentration and fluid—particle interaction forces in each CFD cell. These updated
particle fields are transferred back to the CFD solver, where they are used as source terms
or porosity fields in the fluid momentum equations. The CFD solver then updates the flow
field for the next time step, completing the two-way coupling cycle. The time step update
is different for each framework. In particular, DEM requires a time step small enough
to resolve the collision time, typically orders of magnitude smaller than the fluid time
step [25,110].

Input from solution of time step (i — 1)
* Fluid velocity and pressure: uﬁl_l), pj(f_l)
* Particle positions, translational velocities, and angular velocities: xz(,i_l), ul(,i_l), wz(,i_l)
« Particle concentration for each cell (Eulerian): p¢~1
* Turbulence quantities
* Sediment properties (assumed constant)
« Boundary conditions at t!
fcﬁifpl‘ﬁil ) u)L‘I p}‘lvfl"t
DEM Coupling routine CFD
* Calculates contact forces * Computes hydrodynamic forces » Continuity and
on particles (F3) on each particle (fy, f, fv) momentum equations
* Updates particles’ speed » Updates particles * Turbulence closure
and displacements concentration in each cell (¢?) * Updates flow field
» Computes fluid-particle .
interaction forces for each cell
(Fyop)
Xp, Up, W, Fy T | ¢, Fyr

If converged, solution at time step i

* Fluid field: u},p}

* Particle field: x}, u}, ),

Figure 5. Schematic information exchange between CFD and DEM solvers within a single time step i.

This procedure inherently accumulates the particle-level interaction forces at the CFD-
cell level rather than treating them as independent local force evaluations. Equation (45),
by contrast, defines the force balance of each individual DEM particle. When a macroscopic
structural load is required, such as for evaluating the nonlinear loading response of a
deep foundation, the relevant local force contributions must subsequently be summed
over the full region of interest; this may be performed over successive depth intervals and
cumulatively integrated to obtain the total resultant force. This global force evaluation is
therefore distinct from, but consistent with, both the particle-level force balance and the
particle-to-cell force-transfer procedure used in CFD-DEM coupling.

Spatial resolution poses a major challenge in CFD-DEM coupling. In principle, the
most physically rigorous approach is the resolved CFD-DEM method, in which the fluid
mesh is refined to a scale smaller than the particle diameter, allowing the flow around each
particle to be explicitly resolved. Although this approach yields highly reliable hydrody-
namic forces, it is prohibitively expensive and therefore impractical for scour simulations.
Consequently, scour studies adopt the unresolved CFD-DEM strategy, where CFD-cell
sizes are significantly larger than the particle diameter. In this framework, particle prop-
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erties computed by DEM are averaged over the CFD control volume, and hydrodynamic
forces are computed using empirical correlations rather than fully resolved flow fields.
While computationally feasible, this scale separation limits the achievable resolution near
the sediment bed, where steep gradients in shear stress and porosity are critical. The
insufficient near-wall resolution generally necessitates the use of wall functions, which
introduce additional modelling assumptions and may reduce the accuracy of predicted
boundary-layer dynamics [54].

6.4. Model Acceleration and Upscaling

To mitigate the computational demands arising from the large number of simulated
particles, the coarse grain method has been adopted in the DEM framework of CFD-DEM
coupled scour simulations [25,54,130]. This method replaces clusters of particles with
larger particles, whose forces represent the accumulated forces of the enclosed particles.
Takabatake et al. [131] outlined three key assumptions underlying the coarse-graining
strategy. First, the motion of each coarse particle—its displacement and velocity—is taken
to represent the averaged behaviour of the original group of finer particles. Second, the
contact forces applied to a coarse particle are determined by enforcing equivalence of
kinetic energy between the coarse-grained system and the underlying real-particle system.
Third, a collision between two coarse particles is treated as representing the simultaneous
impact of all constituent real particles that the coarse particle represents. This approach
offers substantially reduced computational needs but requires careful treatment to avoid
distortion of sediment-transport rates or bed geometry. Ma et al. [25] found that results
are stable when the coarse particle to real particle diameter ratio is two or smaller. The
same authors highlighted the need for a scaling correction to preserve dynamic similarity,
typically by adjusting the gravitational acceleration or, equivalently, the Shields number to
compensate for the artificially increased particle size.

Yazdanfar et al. [110] introduced an alternative upscaling framework for mitigating
the computational demand of the method. The framework links detailed microscale CFD-
DEM simulations to a computationally efficient macroscopic CFD model. The key idea
is to perform microscale high-fidelity CFD-DEM simulations in an idealised, statistically
homogeneous turbulent flow using sediment particles identical in size and shape to those
in the target large-scale problem. These microscale simulations provide detailed informa-
tion on particle impacts, near-bed turbulence, and sediment mobilisation that would be
prohibitively expensive to resolve directly at engineering scales. Rather than resolving
particle mechanics across the full macroscopic domain, the method uses the microscale
results to construct a scour function—a reduced-order relation that links local-scour rate to
key hydrodynamic and particle-scale variables. This function is then embedded within a
conventional CFD model, enabling the bed morphology to evolve without invoking DEM
at the large scale.

The microscale stage requires a suite of CFD-DEM simulations that cover a range of
Reynolds numbers and suspended-sediment concentrations, from clear-water to live-bed
regimes, to capture how particle impacts and bed responses vary under different turbulence
intensities. These microscale simulations are run over long durations to obtain a sufficient
statistical sample and create a reliable probabilistic scour model. This model, which is
embedded in the scour function, relates scour rate to local fluid shear stress and the kinetic
energy of particles impacting the bed. In the macroscopic application, only the suspended
sediment is explicitly tracked using a standard CFD method, while the dense sediment
bed is not resolved. Instead, the bed is treated as a boundary that evolves according to the
local-scour rate obtained from the scour function. When the computed change in local bed
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elevation exceeds a threshold, the CFD mesh is updated accordingly, and the simulation
continues with the revised morphology.

By eliminating DEM from the large-scale phase—where it is most computationally
expensive—the method reduces both memory requirements and CPU cost by orders of
magnitude. While the present formulation is tuned to flows approximating homogeneous,
wall-bounded turbulence, the conceptual framework has the potential to be extended to
flows dominated by coherent flow structures, such as horseshoe and lee vortices around
hydraulic structures. However, such extensions require further validation and refinement.

6.5. Advantages and Limitations

CFD-DEM explicitly represents particle motion through particle—particle and particle-
fluid forces, avoiding the empirical sediment-transport formulas and granular-stress clo-
sures required by continuum approaches. This enables direct representation of grain-scale
processes such as collisions, frictional contacts, and rolling [130]. By tracking individual
grains, CFD-DEM also provides information on particle trajectories and local force balances
relevant to sediment entrainment. Ma et al. [25], for example, showed that increasing the
Shields parameter increased both the number of mobilised grains and scour depth around
a monopile. CFD-DEM can also represent seepage-related forces within the sediment bed
and vertical drag forces that contribute to the onset of particle instabilities. For example,
Zhang et al. [54] showed that upward seepage reduces the effective particle weight and
promotes erosion by increasing the drag—gravity ratio. Furthermore, CFD-DEM has been
used to identify the flow pathways and sediment-transport patterns that govern the pro-
gression of local scour, providing valuable mechanistic insight into processes such as toe
erosion, slope destabilisation, and sediment redeposition [25,54].

The principal limitation of CFD-DEM is its high computational cost, arising from the
small DEM time steps and large particle numbers required. These requirements restrict
the feasible domain size and simulation duration even when coarse-graining strategies are
employed. The upscaling framework proposed by Yazdanfar et al. [110] reduces computa-
tional demand by embedding microscale CFD-DEM information within a conventional
CFD model, although further validation is required. A further limitation of unresolved
CFD-DEM is that CFD cells must remain larger than the sediment particles, constraining
fluid-field resolution near boundaries [110]. This may limit resolution of important flow
structures, such as the horseshoe vortex at a pile base. In addition, most studies employ
spherical, monodisperse particles, neglecting grain shape, angularity, and grading, all
of which can strongly influence sediment mobility and packing behaviour [132]. Model
reliability also depends on appropriate calibration of the particle-contact laws.

6.6. Engineering Applicability

CFD-DEM models are particularly suitable for mechanism-focused studies of incipient
sediment motion, avalanching, seepage-induced instability, particle-contact behaviour,
and local-scour processes at relatively small spatial scales. At present, CFD-DEM is not
feasible for direct field-scale design because of its high computational demands, but it
provides grain-scale insight that can support the development, calibration, and validation
of continuum closures or reduced-order engineering models. Therefore, CFD-DEM should
generally be regarded as a high-fidelity research and model-development tool rather than a
routine design method for full-scale marine infrastructure.

7. Smoothed Particle Hydrodynamics

Smoothed Particle Hydrodynamics (SPH) was first introduced by Gingold and Mon-
aghan [133] for astrophysical simulations, but it has since been widely adopted in fluid
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mechanics, including sediment-transport and scour modelling. Unlike mesh-based CFD
methods, SPH is a fully Lagrangian, mesh-free formulation in which both fluid and sedi-
ment phases are represented by moving particles. This characteristic allows the method to
handle large deformations of the free surface, sharp morphological changes in the bed, and
the formation of steep or irregular scour pits—scenarios that pose significant challenges to
mesh-dependent finite-volume solvers. In scour modelling, SPH has been used either as
(i) a single-phase fluid solver coupled with a DEM solver for particle motion (SPH-DEM),
or (ii) a multiphase continuum approach in which both fluid and sediment are treated as
SPH phases with their own rheological properties. The method has been employed across
a broad range of applications, including local scour around bridge piers [50,134], caisson
breakwaters [135], vertical breakwaters [136], and reservoir sediment flushing [137].

7.1. Discretisation of Governing Equations

Within the SPH framework, particle motion is fundamentally governed by the N-S
equations, which describe the conservation of mass and momentum for viscous flows.
However, given the discrete nature of particles, these continuous partial differential equa-
tions must be transformed into discrete form to properly accommodate the individual
particle positions [50]. This is achieved using a kernel function, which distributes particle
properties over a spatial distance, referred to as the smoothing length, and approximates
spatial derivatives from neighbouring particles. As a result, particle properties, including
mass, density, velocity, pressure, and their derivatives, can be evaluated in discrete form
while allowing each particle to interact with its surrounding particles.

7.2. Irreqular Particle Spacing and Stabilisation in SPH

A numerical issue in SPH analyses is the development of non-uniform particle dis-
tributions, particularly in highly turbulent flows. Such irregular spacing can cause the
smoothing kernel to introduce artificial high-frequency noise in the computed velocity and
pressure fields. To mitigate this issue, Zhang et al. [50] adopt the particle-shifting technique
originally proposed by Lind et al. [138]. In this approach, fluid and mobile sediment
particles are subjected to a small corrective displacement at each time step to re-establish
a more uniform spatial arrangement. The displacement for each particle is determined
by assessing the kernel-weighted contribution of its neighbours and is capped—typically
to less than one-fifth of the smoothing length—to prevent excessive correction that might
distort physical motion.

7.3. Fluid Phase

In the SPH representation, the fluid domain is discretised into particles that carry mass,
velocity, pressure, and other physical properties. Particle velocities are estimated by solving
the N-S equations. Turbulence modelling in SPH is most commonly handled through LES
to solve turbulent structures that occur at sub-particle scales. For the estimation of the
pressure-gradient term incorporated in the momentum conservation equation, the fluid is
treated as either incompressible or weakly compressible.

Although less accurate, the weakly compressible SPH (WCSPH) method is simpler
to implement and provides faster solutions per time step. As implemented by Zhang
et al. [50,137], the equation of state (EOS) is required to relate fluid pressure and density
before the pressure gradient is expressed in discrete form. This introduces small fluctuations
in fluid density, which should be controlled so that they remain within reasonable limits that
do not compromise mass conservation. However, particles located near the fluid—sediment
interface often exhibit pronounced density oscillations because of the large contrast in
material densities. As noted by Wang et al. [139], when particles of markedly different
density or mass exist within the smoothing length, the kernel function can yield unreliable
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estimates of density and pressure. These numerical inaccuracies appear as artificial pressure
gradients, which may result in spurious surface-tension forces and numerical instabilities.
To mitigate this issue, Zhang et al. [50] suggest using the J-SPH model proposed by Antuono
et al. [140].

To eliminate the intrinsic numerical challenges associated with the WCSPH formula-
tion, Wang et al. [134] suggest the use of the incompressible SPH (ISPH) method. Unlike
WCSPH, which allows for weak compressibility of the fluid and small artificial density
fluctuations, ISPH imposes incompressibility explicitly through a projection-based pressure—
velocity coupling procedure. At each time step, the flow solution is split into two sub-steps.
First, a provisional particle velocity field is obtained without enforcing incompressibility,
using only viscous and external forces. In the second sub-step, a pressure Poisson equa-
tion (PPE) is solved to determine a pressure field that corrects the provisional velocities,
ensuring that the final velocity field complies with the incompressibility condition. The
PPE is discretised using the SPH kernel and solved iteratively, and the resulting pressure
gradient is then used to update particle velocities and positions. This approach eliminates
density oscillations and suppresses spurious pressure fluctuations that commonly arise in
WCSPH as a result of its quasi-compressible treatment of the flow. However, the need to
solve a global pressure Poisson equation at every time step makes ISPH more expensive
than WCSPH, especially in large three-dimensional domains. Despite this overhead, Wang
et al. [134] demonstrate that the improved stability, reduced numerical dissipation, and
higher fidelity in pressure and velocity fields make ISPH a robust alternative for simulating
sediment mobilisation and bed evolution around hydraulic structures.

7.4. Sediment Model

The sediment phase in SPH scour simulations is represented using either a continuum
SPH sediment phase or a DEM approach.

7.4.1. Continuum Sediment Modelling

In continuum-based SPH models, the sediment phase is also governed by the N-S
equations together with a constitutive law that reflects its non-Newtonian behaviour. This
continuous representation of sediment offers greater computational flexibility than DEM
where particles explicitly represent grains. Zhang et al. [50,137], for example, employed
the Herschel-Bulkley—Papanastasiou (HBP) model [141], which represents quasi-solid
behaviour below yielding and highly viscous flow after yielding. This transition is typically
governed by a soil-mechanics failure criterion, such as the Drucker—Prager [50,137] or the
Mohr-Coulomb [134].

Because the yield criterion is evaluated from the mechanical state of individual SPH
sediment particles, the spatial extent of the yielded region can also be reconstructed from
particle-level results. Particles satisfying the adopted failure criterion can be identified and
visualised directly or spatially interpolated to generate two-dimensional contours or three-
dimensional isosurfaces. Similar approaches have been employed in SPH geomechanics
to identify failure surfaces from spatial distributions of accumulated plastic strain [142],
while Zubeldia et al. [143] demonstrated the spatial identification of yielded and unyielded
sediment regions in an SPH erosion model using the Drucker—Prager criterion. Such
post-processing therefore enables the evolution of internally yielded sediment zones to be
examined despite the absence of a fixed computational mesh.

While the yield criterion governs the internal mechanical response of the sediment
below seabed, entrainment of surface particles requires an additional hydrodynamic con-
dition. The Shields criterion is commonly applied, with motion initiated when the local
bed shear stress exceeds a slope-corrected critical value (e.g., Equations (2) and (3)). Within
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SPH, local bed slope and shear stress are estimated from neighbouring particles using
kernel-based interpolation [50]. Once the Shields threshold is exceeded, a sediment particle
enters the bed-load state and follows the prescribed HBP rheology. If its uplift velocity
exceeds a critical value, it is reclassified as suspended sediment and treated as a Newtonian
phase, for example, using the Vand [144] viscosity model [50,137]. When its normal settling
velocity falls below the prescribed threshold, the particle returns to the bed-load state and
the HBP rheology is restored. The definitions of uplift and settling critical velocities can be
found in [50].

Wang et al. [134] proposed an alternative continuum approach that does not employ an
explicit sediment rheology; instead, sediment motion is determined using a slope-corrected
Shields criterion based on [145]. Once entrained, a sediment particle becomes a transported
water-sediment mixture particle (TWP) with a density that reflects the local mixture. The
TWP then evolves under the Navier-Stokes equations, with density updated at each time
step as mixing occurs. This formulation does not resolve internal sediment deformation,
but it provides a simpler and computationally efficient treatment of sediment initiation and
early-stage scour.

Regardless of whether a rheological or non-rheological approach is used, the motion
of eroded sediment particles is governed by the particle-level momentum equation, which
can incorporate seepage effects. Wu et al. [146] incorporated a seepage-induced drag
force, based on the relative motion of pore water and sediment, directly into the SPH
momentum equation.

7.4.2. DEM Sediment Modelling

The sediment motion in the SPH-DEM framework is governed by the DEM formula-
tion described in Section 6.2. At each coupling step, the DEM solver receives from the SPH
fluid solver the following information:

i.  The local porosity, which iscomputed from the previous time step as the complement
of sediment concentration.

ii. Interpolated fluid fields, including the fluid velocity, pressure, and their gradients at
the position of each DEM particle. These quantities are obtained through kernel-based
interpolation within the SPH support domain.

Using this information, DEM evaluates the fluid-particle interaction forces, typically
including drag, buoyancy, pressure-gradient, and added-mass contributions. These forces
are introduced into Newton’s second law to update the translational and rotational motion
of each sediment particle.

After the DEM solver advances particle positions and velocities, it passes back to the
SPH solver two key pieces of information:

i.  The solid volume distribution, from which SPH recomputes porosity for the next
fluid step;

ii.  The reaction fluid—particle interaction forces, which appear as a momentum-exchange
source term in the SPH momentum equation.

This two-way exchange ensures consistent coupling between the fluid and granular
phases, allowing the SPH solver to update the fluid field based on the new sediment
configuration, while DEM simultaneously evolves particle motion in response to the
fluid dynamics.

7.5. Advantages and Limitations

SPH offers several distinct advantages over classical Eulerian and Eulerian-Lagrangian
approaches for modelling sediment transport and local scour. These strengths arise pri-
marily from its Lagrangian, mesh-free formulation, which is particularly well-suited to
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free-surface flows, and highly deformable multiphase interfaces [134,139]. SPH can also
accommodate large morphological changes without the mesh distortion or remeshing
required by grid-based approaches [137]. It is therefore particularly advantageous for scour
problems involving rapid bed evolution, steep eroded slopes, sediment avalanching, and
collapsing cavities, which can be difficult to resolve using mesh-based methods without
frequent remeshing or very fine grids.

A key requirement in scour prediction is the reliable identification of the evolving bed
surface, which determines the remaining embedment and stability of a foundation. SPH
represents the sediment as discrete particles whose states (static, bed-load, or suspended)
can be explicitly tracked, enabling reconstruction of the uneroded bed surface by filtering
out particles that have transitioned to mobile states [50]. This provides a more robust
numerical characterisation of the scoured morphology than Eulerian approaches, where
distinguishing genuinely stationary sediment from temporarily resting material within
the mobile layer can be challenging [50]. In SPH sediment models, entrainment criteria
such as the Shields parameter or slope-corrected incipient-motion formulations can be
applied at the SPH-particle level. This eliminates the spatial averaging inherent in Eulerian
sediment-transport modules and improves the prediction of the onset of motion and the
transitions between static sediment, bed load, and suspended load [50].

In SPH-DEM coupled formulations, sediment is represented by DEM particles, en-
abling explicit treatment of particle—particle and particle—fluid interactions, as explained in
Section 6.5. This capability provides a more realistic representation of granular mechanics
than continuum-based sediment models, as demonstrated by Yeganeh-Bakhtiary et al. [136],
who applied a two-phase WCSPH-DEM model to standing-wave-induced scour in front of
a vertical breakwater and reproduced the measured maximum scour depth and sediment
mobilisation and redeposition. An additional strength of SPH-DEM coupling is its ability
to represent the motion and failure of solid structures [50]. Iwamoto et al. [135], for example,
modelled a caisson breakwater using bonded DEM particles and captured its tilting and
displacement following foundation erosion under tsunami loading, demonstrating the
potential of SPH-DEM for coupled fluid-soil-structure interaction problems.

Despite its advantages, SPH is computationally demanding because spatial resolution
depends directly on particle spacing and small time steps are required, particularly in
weakly compressible SPH and SPH-DEM simulations [139]. In addition, turbulence in SPH
is commonly modelled using LES-type formulations, rather than the more computationally
efficient RANS closures widely used in Eulerian CFD. Turbulence modelling is also less
mature, with sub-particle-scale LES formulations remaining less extensively validated for
coherent scour-related structures [134]. Model reliability is sensitive to particle spacing,
which controls both resolution and computational cost [137]. In coupled SPH-DEM models,
compatibility between SPH and DEM resolutions may impose additional constraints. For
example, Iwamoto et al. [135] used a DEM particle size equal to the SPH-particle spacing to
facilitate fluid—structure force transfer, which can require fine resolution throughout the
domain. This dependence on globally consistent particle resolution represents a notable
drawback relative to Eulerian CFD, where grid refinement can be applied selectively
without constraining the discretisation of solid bodies.

Another drawback of SPH is that the kernel smoothing function can produce unphysi-
cal density and pressure estimates when particles with markedly different properties coexist
within the smoothing length, as commonly occurs at water—-sediment interfaces. This may
generate spurious surface-tension effects and numerical instabilities [139]. Stabilisation
techniques, such as 5-SPH correction [50] and filtering or regularisation procedures [139],
can improve stability but increase algorithmic complexity and computational cost, and may
not entirely eliminate spurious oscillations.

https://doi.org/10.3390/jmse14191775


https://doi.org/10.3390/jmse14191775

J. Mar. Sci. Eng. 2026, 14,1775

33 of 46

7.6. Engineering Applicability

SPH is particularly suitable for research-scale scour problems involving large bed
deformation, complex free-surface motion, sediment collapse, and rapid morphological
change, where mesh distortion would be severe in grid-based methods. Representative
applications include laboratory-scale or local-domain simulations of tsunami-induced scour
and rapidly evolving scour holes. SPH-DEM is more appropriate when these conditions are
combined with explicit granular mechanics or structural motion, such as scour accompanied
by caisson displacement or failure. Both approaches remain less suitable for routine full-
scale or long-duration engineering simulations because of their high computational cost
and limited field-scale validation.

8. Comparative Synthesis of Modelling Approaches

The preceding sections reviewed single-phase (Eulerian) CFD, two-phase (Eulerian—
Eulerian) CFD, CFD-DEM (Eulerian-Lagrangian), SPH (Lagrangian), and SPH-DEM
(Lagrangian—Lagrangian) approaches for scour modelling. This section provides a compar-
ative assessment of these methods in terms of their underlying assumptions, applicability,
validation status, computational requirements, and practical limitations. The aim is to
support model selection according to the intended application, required physical resolution,
available data, and problem scale.

8.1. Comparative Interpretation of Method Trade-Offs

Single-phase Eulerian morphodynamic models remain the most computationally
efficient approach, making them suitable for large-scale, long-duration, and parametric
scour simulations. They perform best where sediment concentrations remain sufficiently
low for sediment—flow feedback to be neglected [18,49]. Their main limitation is their strong
sensitivity to the selected empirical transport formulation, which can lead to markedly
different predictions under the same flow conditions [35]. They are also unable to represent
dense sediment transport and strong two-way sediment—flow coupling explicitly [49].

Two-phase Eulerian—Eulerian models offer a more physically grounded representation
of sediment—fluid interaction. They can capture the two-way feedback between sediment
and turbulent flow, making them better suited to dense sheet flow and energetic flow
conditions. Their reliability, however, depends strongly on sediment rheology closures,
turbulence modulation formulations, turbulence-sediment coupling, and interphase drag
correlations. Predictions may become less reliable when these closures are applied out-
side the conditions for which they were calibrated. In addition, these models remain
computationally demanding for complex 3D scour geometries [45].

CFD-DEM provides the greatest grain-scale resolution among the reviewed CFD-
based approaches and is particularly valuable for investigating incipient motion, particle
contacts, avalanching, and seepage-related mechanisms [25,54]. Its computational cost and
unresolved CFD-cell-size requirements, however, restrict current applications mainly to
small-scale, mechanism-focused studies rather than engineering-scale prediction. The cell-
size constraint can also limit resolution of important flow structures, such as the horseshoe
vortex at a pile base, because the CFD mesh cannot be refined below the scale imposed by
the sediment particles [110].

SPH is advantageous for problems involving complex free-surface motion, large bed
deformation [139], and moving boundaries, where mesh-based approaches may require
substantial remeshing [137]. Unlike Eulerian formulations, SPH can also explicitly track the
immobile bed and facilitates determination of the evolving scour geometry [50]. This makes
it particularly well-suited for problems in which precise determination of the remaining
embedment of a foundation is critical. SPH-DEM extends these capabilities to explicit

https://doi.org/10.3390 /jmse14191775


https://doi.org/10.3390/jmse14191775

J. Mar. Sci. Eng. 2026, 14,1775

34 of 46

granular mechanics and structural motion [50]. Unlike conventional Eulerian—-Eulerian
scour models, where structures are typically treated as fixed boundaries, SPH-DEM can
represent structural displacement and failure during scour [50]. This makes it particularly
useful for problems requiring coupled assessment of scour evolution and structural stability.
However, compared with Eulerian CFD, SPH-based approaches generally require greater
computational effort at comparable resolution, while their turbulence modelling is less
mature and less extensively validated [134].

Table 1 summarises the main characteristics of the reviewed modelling approaches, in-
cluding their fluid and sediment representations, principal constraints, and typical domains
of application. Figure 6 provides a qualitative positioning of the five modelling approaches
in terms of computational cost, grain-scale resolution, scale of application, and reliance on
empirical formulations, highlighting the trade-offs between physical detail and practicality
for scour simulations. As indicated by Table 1 and Figure 6, the feasible computational-
domain size varies substantially between modelling approaches. Single-phase Eulerian
models are the most scalable, whereas two-phase CFD and particularly CFD-DEM and SPH-
based approaches are increasingly restricted to smaller domains by their computational
requirements. Consequently, many high-fidelity local-scour simulations remain limited
to laboratory-scale configurations, which may not fully capture far-field hydrodynamics,
sediment supply and other interactions relevant to field-scale conditions.

Computational cost >
Grain-scale detail >
single-Phase Two-Phase SPH ~ mmemb CFD-DEM =mb SPH-DEM
Eulerian Eulerian
< Real-scale application
< Reliance on empirical
formulas

Figure 6. Qualitative positioning of single-phase Eulerian, two-phase Eulerian, SPH, CFD-DEM
and SPH-DEM scour models along four key dimensions. Arrows indicate increasing levels of
each dimension.

Table 1. Comparative overview of scour modelling methodologies.

Single-Phase CFD  Two-Phase CFD CFD-DEM SPH SPH-DEM
Fluid model CFD/N-S CFD/N-S CFD/N-S Lagrangian/N-S Lagrangian/N-S
Sediment Not (.i‘)fphCIt / CFD/N-S Lagrangian/Newton’s Lagrangian/N- Lagrangian/Newton’s
Model empirical formulas second law second law
e Flow Very-small-
. o e  Cases where
e Dilute conditions scale problems
: turbulence—
sediment comparable to Very-small- sediment Cases where
Limited to transport [49] those used to scale problems coupling is not turbulence-
e  Moderate flow calibrate the [110] ping sediment
" dominant L
velocities [49] adopted [134] coupling is not
rheology dominant [134]
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e  Engineering- mechanics large
e  Sheet-flow e  Free-surface .
.. scale [110] . deformation
Applications layers [49] . dominated

assessments Stron Incipient- flows [134,139] [135]

[34] ng motion studies Lo Fluid-soil-
sediment- [25,54] Reliable structure
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coupling [82] tracking [50] [135]

8.2. Applicability to Engineering Scour Problems

Given that each modelling approach is based on distinct assumptions and has different
ranges of applicability, as outlined above, practical model selection should be guided by the
specific engineering problem under consideration. Table 2 provides an application-specific
ranking of the reviewed methods. Four categories are adopted: Preferred (P), where the
method provides an appropriate balance between representation of the dominant physics,
computational feasibility, and validation maturity; Suitable with limitations (S), where the
method is applicable but important limitations related to physical assumptions, calibration,
computational demand, or validation remain; Research-oriented (R), where the method pro-
vides valuable physical insight but is presently more appropriate for mechanism-focused
or specialised studies than routine engineering prediction; and Not recommended (N),
where key processes are not represented adequately or the method is presently impractical
at the required scale. The table highlights that model suitability depends on the intended
application, the required level of physical resolution, computational feasibility, and the
flow and sediment conditions.

Table 2. Applicability ranking of modelling approaches to representative engineering scour problems.
The ranking categories adopted are: Preferred (P), Suitable with limitations (S), Research-oriented
(R), and Not recommended (N).

Engineering Scour

Problem Single-Phase CFD Two-Phase CFD CFD-DEM SPH SPH-DEM
S—Applicable where
. . sediment feedback is S—Low to medium
Routine design P—Most practical important suitability, depending
screening and . L N—Computationally . N—Computationally
laree-scal where sediment Applicability . tical on resolution . tical
arge-scale impractical. impractical.

parametric studies.

feedback is limited.

depends on domain
size and available
calibration data.

requirements and
validation evidence.

Monopile or
bridge-pier scour

under steady current.

P—Suitable for
preliminary and
engineering-scale
assessment when
sediment feedback is
limited.

P—High suitability
where dense
transport, live-bed
behaviour, or bed
failure is important.

R—Useful for
grain-scale
mechanisms.

S—Useful when
large deformation or
interface motion is
central.

R—Useful for
grain-scale
mechanisms.

Wave-induced scour
around offshore
foundations.

S—Suitable where
sediment feedback is
limited and
free-surface effects
and sediment
closures are
appropriately
calibrated.

P—High suitability
for dense oscillatory
transport and
sediment-fluid
feedback.

R—Useful for
grain-scale
mechanisms.

P—Useful for
free-surface
dominated cases.

R—Useful for
grain-scale
mechanisms.
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Table 2. Cont.

Engineering Scour
Problem

Single-Phase CFD

Two-Phase CFD

CFD-DEM

SPH

SPH-DEM

Pipeline scour onset
and backfilling.

S—Practical for
parametric and
engineering-scale
assessment. Suitable
where sediment
feedback is limited.

P—Highly suitable in
such investigations.

P—Particularly
useful for
investigating
scour-onset
mechanisms at
small scale.

S—Useful for large
deformation and
moving-bed cases.

R—Specialised
grain-scale
application with high
computational cost.

Sheet flow and
high-concentration
transport.

N—Passive-
sediment
assumptions may
become invalid.

P—Sediment
concentration and
granular stresses are
resolved in a
continuum sense.

R—Physically
informative but
restricted to small
domains and
durations.

S—Suitability
depends on sediment
formulation and
stabilisation.

N—Computationally
impractical, with no
significant
advantages over
CFD-DEM for
sheet-flow
investigations.

Grain-scale
mechanisms,
incipient motion, and
avalanching.

N—Particle contacts
are not resolved
explicitly.

S—Represented
indirectly through
continuum granular
closures, which
define its reliability.

P—Individual grains,
contacts and particle
forces are explicitly
represented.

S—Useful for
incipient-motion and
deformation studies.
Maturity restricts
application as
continuum SPH does
not explicitly resolve
real grains.

R—Explicit granular
mechanics are
represented, but
current
computational cost
and maturity restrict
application.

Free-surface
representation, large
bed deformations,
and moving
boundaries

S—Applicable with
free-surface and
moving-bed
treatments, but less
robust under severe
deformation.

S—Physically robust
but computationally
demanding,
especially with
free-surface effects.

N—Not generally
advantageous and
high computational
cost.

P—Mesh-free
formulation is
particularly
advantageous for
severe interface and
bed deformation.

N—Requires large
computational
domains, rendering
the simulation with
DEM
computationally
prohibitive.

Sediment-fluid—
structure interaction
accounting for
coupled structural
motion or failure.

N—Conventional
formulations
normally assume
fixed structures.

N—Conventional
formulations
normally assume
fixed structures.

N—Conventional
formulations
normally assume
fixed structures.

S—Moving
structures can be
accommodated in
mesh-free
formulations, subject
to validation.

R—Particularly
suited physically to
coupled scour and
structural motion,
but restricted mainly
to research-scale
applications

8.3. Validation Maturity and Practical Implementation Considerations

In addition to physical suitability, the practical value of a modelling approach depends

on the extent to which it has been validated and the level of confidence that can be assigned

to its predictions. Table 3 summarises for each approach the typical validation data used, its

current level of engineering maturity, and key considerations for practical application. The

table highlights that validation maturity varies substantially across the reviewed methods

and that greater physical detail does not necessarily translate into higher readiness for

routine engineering use. It also indicates that practical implementation depends not only on

model formulation, but also on calibration data, numerical resolution, closure assumptions,

and the availability of appropriate experimental or field evidence.

Table 3. Validation maturity and key considerations for the practical application of each mod-

elling method.

Method

Validation Data

Engineering Maturity

Key Considerations for
Application

Single-Phase
CFD

Laboratory flume tests
measuring equilibrium scour
depth, bed-profile evolution,

and flow velocity fields.

Relatively mature for
preliminary and large-scale
engineering assessment.

Ensure that sediment
concentrations remain sufficiently
low, and that the selected
transport and turbulence closures
are validated for the flow regime.
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Table 3. Cont.

Method

Validation Data

Engineering Maturity

Key Considerations for
Application

Laboratory tests measuring
equilibrium scour depth,

Two-Phase CFD  bed-profile evolution, velocity

profiles, and sediment-
concentration profiles.

Increasing maturity for
research and advanced
design support.

Care is required to ensure that the
simulated conditions are
consistent with the calibration
range of the adopted granular
rheology, turbulence closure, and
turbulence-sediment coupling
models.

CFD-DEM

Laboratory tests measuring
local scour, velocity profiles,
and grain motion.

Medium maturity for
grain-scale mechanism
investigations. Very low

Particle size, contact parameters,
drag law, CFD-cell-to-particle-size
ratio, averaging assumptions, and

DEM time step restrictions
strongly influence both
computational feasibility and

maturity for routine design. result reliability. Direct full-scale

engineering application is not
currently practical.

SPH/SPH-DEM

Laboratory-scale tests
measuring local scour in flume
experiments, sediment motion

induced by water flushing,
dam-break, and free-surface

Careful selection of particle
spacing, kernel treatment,
pressure stabilisation, boundary
treatment, and turbulence
representation is required.
Applications involving significant
turbulence or field-scale domains
require particular caution and
further validation.

Low maturity but
promising for large
deformation and
free-surface dominated
problems. Low maturity for
routine design and strongly
turbulent scour
applications.

motion.

9. Remaining Challenges and Suggestions for Future Research

Despite substantial methodological progress, scalability remains a major constraint on
the predictive reliability and practical use of numerical scour simulations. Single-phase
Eulerian models are the most feasible for large-scale applications but cannot resolve key
sediment-flow feedback mechanisms, whereas two-phase CFD, CFD-DEM, SPH, and
SPH-DEM become computationally prohibitive for realistic three-dimensional geome-
tries or long-duration events. Although DEM-informed upscaling functions and hybrid
continuum—particle models are promising, they require further validation and generalisa-
tion. Validation in the reviewed literature remains largely based on laboratory data, while
high-resolution field data suitable for detailed model validation remain comparatively
scarce. This limits confidence in the transfer of numerical predictions from laboratory to
field scale, particularly because Reynolds-number effects, sediment-to-fluid density ratios,
and coherent turbulent structures may not be reproduced reliably in scaled experiments or
coarsely resolved simulations.

Progress should therefore focus on improving model scalability, validation datasets,
and the representation of the governing physical processes. From a numerical perspective,
priority should be given to computationally efficient approaches capable of representing
sediment-flow feedback at engineering scale. This includes improved morphodynamic
formulations for single-phase models, validated upscaling strategies, and hybrid or multi-
scale approaches that transfer information from particle-scale CFD-DEM simulations to
continuum models without resolving individual sediment particles throughout the full com-
putational domain. Further work should also examine hydrodynamic-morphodynamic
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coupling strategies that reduce computational cost while maintaining numerical stability
and sediment-mass conservation.

Turbulence modelling remains another major challenge. Existing RANS closures are
predominantly calibrated for clear fluids, making their application to flows with dense sus-
pended sediments questionable. While Reynolds-averaged approaches remain dominant in
engineering applications, their inability to capture the unsteady vortex dynamics that drive
local scour indicates the need for broader assessment and application of LES and hybrid
RANS-LES approaches. These approaches are particularly relevant for scour dominated
by horseshoe and wake vortices, but they remain too computationally demanding for
routine use. Further research should therefore focus on developing and validating turbu-
lence closures that account for sediment-induced damping, stratification, coherent vortical
structures, and two-way coupling between turbulent fluctuations and sediment motion.

Sediment rheology also requires further development because continuum closures are
often calibrated under narrow experimental conditions. Sediment stress closures should
be extended to improve the representation of particle shape, grain-size distribution, and
cohesion, while maintaining validity across wider sediment-concentration and mobility
regimes. In CFD-DEM, further work is needed to improve the calibration and validation of
contact laws and drag correlations, represent non-spherical and graded sediments more
realistically, and address the computational restrictions associated with realistic particle
numbers and grain-size distributions.

Laboratory datasets [10-13,147] provide valuable benchmarks, but they represent a
narrow range of sediment types, flow regimes, and structural geometries. Experimen-
tal studies should move beyond validation based primarily on equilibrium scour depth.
Laboratory programmes would benefit from simultaneous measurements of bed morphol-
ogy, three-dimensional velocity and turbulence fields, suspended-sediment concentration,
pore pressure, and, where feasible, individual grain motion. Particular attention should
be given to clear-water and live-bed conditions, including high-concentration sheet-flow
regimes, combined wave—current and transient loading, and representative structures such
as monopiles, pile groups, pipelines, and caissons. Testing different structural configu-
rations is important because they generate different flow-separation, vortex, and scour
patterns, allowing assessment of whether numerical models remain reliable across struc-
tural geometries beyond those used for calibration and validation. Such datasets would
allow validation not only of the final scour geometry but also of the hydrodynamic and
sediment-transport mechanisms responsible for its development.

Field datasets, while capturing real-world variability, often lack the spatial and tem-
poral resolution needed for detailed model validation. Long-duration in-field monitoring
should combine repeated or continuous measurements of seabed evolution and scour-hole
geometry with concurrent measurements of waves, currents, near-bed velocities, sediment
concentrations, and relevant seabed properties. Event-resolved observations during storms
and other energetic conditions are particularly important for assessing whether models
calibrated against laboratory experiments can reproduce scour development, backfilling,
and recovery under realistic environmental loading. The development of openly accessible
benchmark datasets covering different sediment types, structural configurations, and hy-
drodynamic conditions would also enable more consistent comparison and validation of
competing numerical approaches.

A further research need is the closer integration of scour prediction with geotechnical
foundation-performance assessment. Increasing scour depth reduces foundation embed-
ment and soil confinement and alters the soil resistance and failure mechanisms mobilised
around the foundation [5,148,149]. Scour-induced soil loss may also reduce the extent of
soil-foundation contact. More generally, Koronides et al. [150,151] have shown that soil—-
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foundation interface separation and gapping can significantly alter the dynamic response of
soil-structure systems. However, bearing-capacity degradation cannot generally be related
to scour depth alone, since it also depends on scour-hole geometry, soil properties, founda-
tion configuration and loading conditions. Future studies should therefore couple evolving
scour morphologies predicted by hydrodynamic-morphodynamic models with geotech-
nical analyses to establish validated relationships between scour development and the
corresponding degradation of foundation capacity. Such coupling would also be valuable
for assessing offshore foundations, for which the interaction between scour evolution and
the modified soil-foundation load-transfer mechanism remains insufficiently characterised.

10. Conclusions

This review examined the principal numerical strategies used to simulate scour around
coastal and offshore infrastructure, highlighting their underlying formulations, strengths,
limitations, and practical applicability. The reviewed methods span a broad modelling
spectrum, ranging from single-phase Eulerian models and two-phase Eulerian—-Eulerian
formulations to CFD-DEM coupling strategies and mesh-free SPH-based approaches. A
distinguishing feature of the present review relative to previous review studies is the
systematic comparison of these continuum, discrete, and mesh-free frameworks using
common evaluation criteria. The comparative assessment has given emphasis on meth-
ods’ engineering applicability, computational cost, validation maturity, physical fidelity,
and ability to represent relevant seabed—fluid-structure interaction mechanisms. Overall,
the most appropriate method depends on the engineering objective, the required level of
physical detail, the sediment-transport regime, the prevailing flow conditions, the avail-
ability of validation data, and the computational demand. Model selection should also
ensure consistency between the intended simulation conditions and the capability of the
chosen method to represent key processes such as turbulence, sediment rheology, and
sediment—flow feedback.

Based on the synthesis of the recent literature, the following key outcomes can
be identified:

e  Single-phase Eulerian CFD is the preferred approach for routine engineering screening,
large-domain or long-duration simulations, and parametric studies where sediment
concentrations remain sufficiently low for sediment—flow feedback to be neglected.
Typical applications include preliminary assessment of monopile, bridge-pier, pipeline,
and offshore-foundation scour under clear-water or weakly live-bed conditions. It
is less appropriate where dense suspension, sheet flow, strong sediment—turbulence
interaction, or momentary bed failure controls the response.

e Two-phase Eulerian—-Eulerian CFD is more appropriate when dense sediment trans-
port, sheet flow, granular stresses, or strong sediment-flow feedback are important. It
is therefore particularly useful for advanced analysis of energetic current- and wave-
induced scour. Its application requires appropriate validation of sediment rheology,
interphase drag, and turbulence closures, and its computational demands make it less
suitable for routine large-domain or long-duration simulations.

e CFD-DEM is most useful for mechanism-focused studies in which grain-scale be-
haviour is itself of interest, including incipient motion, particle contacts, avalanching,
seepage-induced instability, and particle-scale sediment transport. It is presently im-
practical for direct field-scale or long-duration scour prediction because of the number
of particles and small DEM time steps required. CFD-DEM should therefore primarily
be regarded as a research and model-development tool that can inform continuum
closures and reduced-order engineering models.
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e  SPH is particularly useful when large free-surface deformation, rapid bed evolution,
sediment collapse, or moving boundaries are central to the problem and would cre-
ate difficulties for grid-based methods. Examples include local or laboratory-scale
problems involving strongly deforming fluid—-sediment interfaces and transient wave
loading. Its high computational demand, less mature turbulence treatments, and
limited field-scale validation currently restrict its use for routine long-duration engi-
neering prediction.

e SPH-DEM is most appropriate when the advantages of mesh-free free-surface mod-
elling must be combined with explicit granular mechanics or structural motion, for
example scour accompanied by displacement or tilting of a caisson. However, the
combined particle-resolution and DEM requirements make it one of the most computa-
tionally demanding approaches considered. It should therefore presently be regarded
primarily as a specialised research tool rather than a routine full-scale design method.

For present engineering practice, single-phase CFD therefore provides the most practi-
cal starting point when its underlying assumptions are satisfied, while two-phase CFD is
justified when sediment—flow feedback becomes important. CFD-DEM, SPH, and SPH-
DEM should be selected when the specific mechanisms they resolve are central to the
analysis and when their restrictions on computational scale and validation are acceptable.

Future research should prioritise scalability, validation, and improved representation
of the physical processes governing scour. This includes the development of computation-
ally efficient approaches that can represent sediment—flow feedback and bed evolution at
engineering scales, with particular emphasis on improved morphodynamic formulations
for single-phase models and validated upscaling strategies. Further progress is also re-
quired in turbulence modelling for sediment-laden flows, particularly through closures
that account for sediment-induced damping, stratification, coherent vortex structures,
and two-way coupling between turbulent fluctuations and moving grains. In parallel,
sediment rheology models need to incorporate more realistic representations of grain
shape, grain-size distribution, and cohesion while extending their validity across broader
sediment-concentration and mobility regimes. Experimental studies should move beyond
validation based primarily on equilibrium scour depth and provide simultaneous measure-
ments of bed evolution, flow and turbulence, sediment concentration, and, where feasible,
grain motion and pore pressure. These laboratory datasets should be complemented by
long-term, event-resolved field monitoring combining seabed morphology with concurrent
measurements of waves, currents, sediment transport, and seabed conditions. Greater
integration of numerical scour models with geotechnical foundation-response analyses
is also needed to translate predicted scour development into consequences for structural
performance. Together, these developments would improve the reliability and practical
applicability of numerical scour prediction for the design and management of coastal and
offshore infrastructure.
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