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1 INTRODUCTION 

1.1 Challenges in Coastal Defence Structures 

Coastal structures such as breakwaters, 
revetments, and seawalls constitute critical 
infrastructure designed to protect shorelines from 
wave action, erosion, and flooding (Charlier et al., 
2005); Griggs (2005). Among these, rubble-
mound breakwaters—constructed from layers of 
quarried rock and concrete armour units—
represent one of the most widely adopted coastal 
protection solutions worldwide (Hudson, 1958; 
Van der Meer, 1995). The stability and 
performance of these structures depend on 
complex interactions between hydrodynamic 
forces and the individual elements comprising the 
armour layer. Despite decades of research, 
reliable prediction of structural damage, armour 
unit displacement, and progressive failure 
remains a significant challenge (Davies et al., 
1995; Kobayashi et al., 2013; Melby & 

Kobayashi, 1998). Traditional design approaches 
rely heavily on empirical formulations derived 
from physical model testing. Classic examples 
include Hudson’s equation (Hudson, 1959) and 
the stability formulations proposed by Van der 
Meer (van der Meer, 1988), which relate wave 
characteristics to armour unit stability through 
empirical coefficients. More recent formulations 
incorporate additional dimensionless parameters 
to extend their range of applicability (Kobayashi, 
2015). However, these equations cannot be 
reliably extrapolated beyond the experimental 
conditions from which they were derived. 
Although practical and widely used, empirical 
methods do not capture the detailed mechanics 
governing individual element displacement, 
rocking behaviour, and the progressive nature of 
damage evolution. Consequently, detailed design 
assessments often require laboratory-based 
physical model testing, where wave–structure 
interactions can be investigated under controlled 
conditions (Kramer et al., 2005). Nevertheless, 
scaled physical modelling presents inherent 
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limitations. Material properties, geometric 
scaling constraints, and simplified boundary 
conditions can hinder accurate reproduction of 
prototype-scale forces. These challenges have 
stimulated increasing interest in near-prototype-
scale flume experiments, which offer improved 
physical fidelity. Despite their advantages, such 
large-scale tests remain costly and are subject to 
practical constraints, including construction 
variability and uncertainties associated with 
dynamic loading conditions. 

1.2 Numerical Modelling of Coastal Structures 

In recent years, numerical modelling (Kelly et al., 
2021) has emerged as a complementary tool 
capable of reducing the need for extensive 
physical testing while providing access to 
quantities that are difficult to measure 
experimentally. The optimal design of coastal 
structures can be achieved through an integrated 
approach that combines empirical formulations, 
physical model testing, and high-fidelity 
numerical simulations. The increasing 
availability of computational resources has 
further accelerated the adoption of numerical 
methods, enabling high-resolution analysis of 
wave–structure interactions. Several modelling 
paradigms have emerged in this context: 

1.2.1 Computational Fluid Dynamics (CFD) 
Mesh -based Computational Fluid Dynamics 
(CFD) methods solve the Navier–Stokes 
equations using finite difference (Larkermani et 
al., 2024), finite volume (Moukalled et al., 2016), 
or finite element (Löhner, 2008) discretisation  
approaches. Commercial and open-source 
frameworks such as ANSYS (Finnegan & 
Goggins, 2012), and OpenFOAM (Huang et al., 
2022) have demonstrated strong capabilities in 
modelling wave–structure interactions. However, 
these methods often encounter difficulties when 
addressing the complex geometries and moving 
boundaries associated with granular materials 
such as rock armour layers (Shinde et al., 2022). 

1.2.2 Discrete Element Methods (DEM) 
Discrete Element Method (DEM) is a 
computational approach for modelling the motion 
and interaction of individual solid bodies 
(Cundall & Strack, 1979). DEM tracks individual 
particles through explicit time integration of 
Newton’s laws of motion. It can accurately 
capture inter-particle collisions and frictional 
contact behaviour. Nevertheless, DEM 
simulations become computationally demanding 
when large numbers of elements are considered, 
particularly in engineering-scale applications. 

1.2.3 Smoothed Particle Hydrodynamics (SPH) 
Smoothed Particle Hydrodynamics (SPH) and 
other meshless methods represent the system state 
using a collection of Lagrangian particles, which 
naturally accommodate complex geometries and 
free-surface flows (Shi et al., 2016). Each particle 
carries physical properties such as velocity, 
pressure, and mass, and interacts with 
neighbouring particles through smoothing 
kernels. Despite their flexibility, these approaches 
remain computationally intensive for large-scale 
engineering problems and may suffer from 
numerical diffusion and challenges in the accurate 
enforcement of boundary conditions. 
Coupled approaches combining CFD and DEM 
have emerged as promising techniques for 
resolving fluid–solid interaction, leveraging the 
complementary strengths of each method (Jing et 
al., 2016; Mao et al., 2020; Nan et al., 2022; Zhao 
& Shan, 2013). Most previous CFD–DEM 
coupling strategies have focused on fluid–particle 
systems such as landslides, debris flows, or 
sediment transport. These approaches often rely 
on simplified particle geometries, unstructured 
meshing strategies, or computationally expensive 
shape representations. 
In contrast, the present study introduces a 
resolved CFD–DEM framework specifically 
developed for the simulation of large, arbitrarily 
shaped elements subjected to hydrodynamic 
loading. The coupling is implemented within the 
REEF3D solver using a high-order finite 
difference scheme on a fixed Cartesian grid, 
combined with a Direct Forcing Immersed 
Boundary Method (DF-IBM) to capture fluid–
structure interaction without mesh deformation or 
remeshing. This configuration enables accurate 
and numerically stable simulations of large-scale 
element motion and contact under wave action, 
effectively bridging the gap between high-
resolution CFD modelling and realistic rigid-
body dynamics in coastal engineering 
applications. 
 

2 NUMERICAL METHODOLOGY 

2.1 Overview of the Numerical Framework 

The numerical framework is implemented in the 
REEF3D CFD software (Bihs et al., 2016), and 
extended with dedicated modules for collision 
handling. The overall architecture comprises five 
main components: (1) the CFD solver, (2) free 
surface capturing, (3) the immersed boundary 
method for representing arbitrarily complex 
structures, (4) six degrees of freedom rigid body 
motion, and (5) the collision detection and 
response algorithm. These components operate in 
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a fully coupled manner to accurately resolve the 
dynamic interaction between the fluid and 
multiple solid elements. 

2.2 Hydrodynamic Solver (REEF3D::CFD) 

REEF3D::CFD employs a structured Cartesian 
grid to solve the incompressible Navier–Stokes 
equations: 
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where 𝑥𝑥!denotes the i-th spatial coordinate, 𝑢𝑢!is 
the velocity component in the 𝑥𝑥! direction, 𝑝𝑝 is the 
pressure field, 𝜌𝜌" the reference density, 𝑡𝑡 time, 𝑔𝑔! 
the gravitational acceleration, and 𝜈𝜈the kinematic 
viscosity. 
Spatial discretisation is performed using a high-
order Weighted Essentially Non-Oscillatory 
(WENO) scheme (Jiang & Shu, 1996), which 
provides sharp resolution of flow features while 
minimising numerical diffusion. Temporal 
discretisation is achieved using a third-order 
Total Variation Diminishing (TVD) Runge–Kutta 
scheme to ensure stability and accuracy in 
transient simulations (Gottlieb & Shu, 1998). 

2.3 Free-Surface Treatment 

The free surface is captured using the level-set 
method, which represents the water–air interface 
as the zero level set of a signed distance function 
𝜙𝜙# (Osher & Sethian, 1988). The interface 
evolution is governed by: 
𝜕𝜕𝜑𝜑$
𝜕𝜕𝜕𝜕 + 𝑢𝑢"
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The level-set function is periodically reinitialised 
to preserve its signed-distance property  
(Sussman et al., 1994). 

2.4 Direct Forcing Immersed Boundary Method 

Fluid–structure interaction is modelled using the 
Direct Forcing Immersed Boundary Method (DF-
IBM) (Soydan et al., 2025). Operating within a 
one-fluid formulation of the Navier–Stokes 
equations (Yang, 2018), the method introduces a 
body-force term into the momentum equation to 
enforce the no-slip boundary condition at the 
fluid–solid interface (Larkermani et al., 2025). 
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The forcing term 𝑓𝑓! is computed explicitly at each 
time step as: 

𝑓𝑓! =
𝑢𝑢!% − 𝑢𝑢!&

Δ𝑡𝑡  (5) 

 
where 𝑢𝑢!$  denotes the desired (rigid-body) 
velocity and 𝑢𝑢!$  the intermediate fluid velocity. 
Each immersed object is represented by a 
triangulated surface. A local signed-distance 
function determines whether a computational 
point lies within the fluid (𝜑𝜑# > 0) or solid 
(𝜑𝜑# < 0) region. 
This forcing term is smoothly distributed near the 
interface using a smoothed Heaviside function to 
avoid numerical discontinuities (Soydan et al., 
2024). This approach allows arbitrarily complex 
geometries to be embedded in the Cartesian grid 
without mesh deformation. 
Hydrodynamic forces and moments are obtained 
by integrating pressure and viscous stresses over 
the immersed surface: 
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where δ!% is the Kronecker delta, τ!% is the viscous 
stress tensor, 𝑛𝑛% is the surface normal, 𝑟𝑟% is the 
position vector relative to the element's center of 
mass, and ϵ!%& is the permutation symbol. 

2.5 Six-Degree-of-Freedom Rigid-Body Motion 

The motion of each solid object is determined by 
solving Newton’s second law for both 
translational and rotational motion: 

𝑚𝑚
𝑑𝑑𝒖𝒖
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where 𝑚𝑚 is mass, 𝑰𝑰 is the moment of inertia 
tensor, 𝛚𝛚 is the angular velocity. The subscripts 
‘hydro’ and ‘collision’ denote hydrodynamic and 
contact contributions, respectively. Rotational 
motion is formulated in a body-fixed coordinate 
system using Euler parameters. The position and 
orientation of each element are advanced in time 
using the same explicit Runge–Kutta scheme as 
the fluid solver (Martin et al., 2021; Shivarama & 
Fahrenthold, 2004). 
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2.6 Collision Detection and Response Algorithm 

2.6.1 Multi-Level Collision Detection 
Collision detection proceeds through multiple 
levels of increasing accuracy and computational 
cost. First, a spatial partitioning strategy (Golshan 
et al., 2023) divides the computational domain 
into grid cells, each tracking intersecting objects. 
Then, for each potential collision pair identified 
through spatial partitioning, an initial rapid 
overlap test is performed using bounding spheres 
to eliminate pairs of objects that cannot possibly 
be in contact. Each element is assigned a 
precomputed bounding radius 𝑅𝑅 that encloses its 
entire geometry with a small safety margin. 
Potential overlap is determined by comparing the 
distance between the object centres 𝑐𝑐 with the 
sum of their bounding radii. 
This spatial hashing technique reduces the 
computational complexity of collision detection 
by restricting collision checks to objects located 
within neighbouring cells, using a two-step 
contact detection strategy (Golshan et al., 2023). 
At each time step, the spatial grid is updated to 
reflect the current positions of all objects prior to 
collision detection. 
If the bounding spheres overlap, the penetration 
depth is computed as: 
δ = 𝑅𝑅/ + 𝑅𝑅0 − |𝒄𝒄0 − 𝒄𝒄/| (10) 

 
and the contact normal is defined based on the 
object centres: 

𝒏𝒏 =
𝒄𝒄0 − 𝒄𝒄/
|𝒄𝒄0 − 𝒄𝒄/|

 (11) 

2.6.2 Contact Force Model 
The collision module implements several contact 
force formulations based on the soft-sphere DEM 
approach used in Lethe (Golshan et al., 2023). 
Although the framework supports both linear 
viscoelastic (Hookean) and nonlinear viscoelastic 
(Hertz–Mindlin) formulations (El-Emam et al., 
2021), the present study employs the linear 
viscoelastic model due to its computational 
efficiency and numerical robustness. 
In the linear spring–dashpot model, the normal 
contact force is proportional to the overlap 
distance (spring contribution) and the relative 
normal velocity (damping contribution): 
𝐅𝐅& = >𝑘𝑘&δ& + 𝛾𝛾&𝑢𝑢,1),&A𝐧𝐧 (12) 

 
where 𝑘𝑘' is the normal stiffness coefficient, δ' is 
the penetration depth, 𝛾𝛾' is the normal damping 
coefficient, and 𝐧𝐧 is the contact normal vector. In 
the numerical implementation, the normal force is 

constrained to be purely repulsive by enforcing 
max(𝐅𝐅', 0). 

2.6.3 Tangential Force Components 
Tangential forces are computed based on the 
relative tangential velocity at the contact point 
and are limited by the Coulomb friction criterion 
(El-Emam et al., 2021; Fonte et al., 2015; 
Vivacqua et al., 2019): 
𝐅𝐅3 = min>𝜇𝜇|𝐅𝐅&|, a𝑘𝑘3δ3 + 𝛾𝛾3𝑢𝑢,1),3aA ⋅ 𝐭𝐭 (13) 

 
where 𝜇𝜇 is the friction coefficient, 𝑘𝑘( is the 
tangential stiffness, δ( is the accumulated 
tangential displacement since contact initiation, 
𝛾𝛾( is the tangential damping coefficient, and 𝐭𝐭 is 
the tangential unit vector. 
 

2.7 Coupling with Hydrodynamic Forces 

The collision algorithm in REEF3D is tightly 
integrated with the DF-IBM and the 6DOF rigid-
body motion solver to ensure accurate two-way 
coupling between the fluid and solid phases. 
At each time step, the following sequence of 
operations is performed (see  
Figure 1 for a flowchart of the algorithm): 
 
 

 
 

Figure 1. Flowchart of the coupled CFD–DEM 
algorithm implemented in REEF3D 

 
First, incompressible Navier–Stokes equations 
are solved to compute the hydrodynamic forces 
and moments acting on each immersed object. 
Potential collisions between rigid bodies and/or 
boundaries are identified using a grid-based 
broad-phase search, followed by a fine-scale 
mesh-level intersection check. Contact forces and 
moments arising from these interactions are 
evaluated. Next, and contact contributions are 
aggregated to obtain the total force and moment 
acting on each element. The 6DOF solver then 
integrates the equations of motion to update the 
translational and rotational states of the rigid 
bodies. Following the motion update, the 
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immersed boundary forcing terms are recomputed 
based on the updated object positions and 
velocities, ensuring accurate enforcement of the 
no-slip boundary condition. Finally, the updated 
geometries are projected onto the fluid grid to 
maintain consistent boundary representation for 
the subsequent time step. 
 

3 RESULTS 

3.1 Three-Sphere Collision in a Two-Phase Flow 

To demonstrate the capabilities of the coupled 
CFD–DEM algorithm implemented in the 
REEF3D framework for simulating complex 
multi-body interactions, a benchmark case 
involving the buoyant rise and subsequent 
collision of three rigid spheres in a two-phase 
(air–water) environment is considered. 
This test case is designed to evaluate the accuracy 
of the collision detection and response algorithm, 
the robustness of the fluid–structure coupling, and 
the model’s ability to capture free-surface 
dynamics during multi-body interactions. 

3.2 Setup 

The computational domain consists of a 
rectangular tank with a length of 2.0 m, a height 
of 1.0 m, and a width of 0.1 m. The tank is 
partially filled with water to a depth of 0.4 m, with 
the upper portion occupied by air. The air–water 
interface is initially defined as a sharp, horizontal 
surface. Gravity acts in the negative z-direction 
with 𝑔𝑔 = 9.81 m s)*. 
Three identical rigid spheres, each with a radius 
𝑅𝑅 = 0.02 mand a density 𝜌𝜌# = 900 kg m)+, are 
positioned along the vertical centreline of the 
tank. Sphere 1 is initially placed at the air–water 
interface, floating partially submerged. Sphere 2 
is fully submerged and located directly below 
Sphere 1, with a vertical offset of 0.1 m. Sphere 3 
is positioned a further 0.1 m below Sphere 2, as 
illustrated in Figure 2(a). 
The domain is discretised using a uniform 
Cartesian grid with a resolution of Δ𝑥𝑥 = Δ𝑦𝑦 =
Δ𝑧𝑧 = 0.01 m, resulting in approximately 200,000 
grid cells. No-slip boundary conditions are 
applied at the left, right, and bottom walls. 
Symmetry boundary conditions are imposed at 
the front and back boundaries, as well as at the top 
boundary. The air–water interface is captured 
using the level-set method, and the Direct Forcing 
Immersed Boundary Method (DF-IBM) is 
employed to represent the spheres on the fixed 
Eulerian grid. 
Inter-particle contacts are resolved using a linear 
spring–dashpot model. The normal stiffness 
coefficient is set to 𝑘𝑘' = 1.0 × 10, N m)-, and 

the normal damping coefficient to 𝛾𝛾' = 1.0 ×
10. N s m)-. 
Tangential (frictional) forces are modelled using 
a tangential stiffness 𝑘𝑘( = 0.5 × 10, N m)-and a 
tangential damping coefficient 𝛾𝛾( = 0.5 ×
10. N s m)-. These forces are limited by the 
Coulomb friction criterion with a friction 
coefficient of 0.3. The selected parameters 
represent typical rigid-body interactions in water 
and ensure numerically stable and physically 
realistic collision dynamics within the two-phase 
flow environment. 
 

 
(a)𝑡𝑡 = 0𝑠𝑠 

 
(b)𝑡𝑡 = 0.5𝑠𝑠 

 
(c)𝑡𝑡 = 1.0𝑠𝑠 

 
(d)𝑡𝑡 = 1.5𝑠𝑠 

Figure 2. Time sequence of the three-sphere collision test 
case in a two-phase (air–water) environment 
 
All spheres are initially at rest (Figure 2a). Upon 
release, the submerged spheres experience a net 
upward buoyant force and begin to rise through 
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the water column (Figure 2b). As they accelerate 
upward, they interact with the surrounding fluid 
and eventually collide with the sphere at the 
surface and with each other (Figure 2c, Figure 
2d).The simulation captures the kinematics and 
trajectories of the spheres throughout the collision 
events. The results demonstrate the capability of 
the coupled CFD–DEM framework to achieve 
stable and robust coupling between 
hydrodynamic forces and contact mechanics in a 
complex multi-body interaction system. 
 

4 CONCLUSIONS 
A fully resolved CFD–DEM coupling framework 
has been implemented within the REEF3D solver 
to simulate the hydrodynamic behaviour and 
collision dynamics of large rigid elements in 
multiphase flow. The methodology combines a 
high-order finite-difference CFD solver with a 
soft-sphere contact model, enabling robust two-
way coupling between the fluid and solid phases. 
The framework captures both translational and 
rotational motion through a six-degrees-of-
freedom (6DOF) rigid-body solver. 
A benchmark case involving the buoyant rise and 
collision of three rigid spheres was simulated to 
evaluate the performance of the coupling 
algorithm in resolving contact interactions. The 
results demonstrate that the implemented 
framework can accurately reproduce momentum 
transfer and damping effects associated with 
multi-body interactions under complex 
hydrodynamic conditions. 
Future work will focus on extending the 
framework to incorporate wave generation and 
realistic wave conditions, as well as modelling the 
actual geometries of rock and concrete armour 
units used in rubble-mound breakwaters. 
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