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ABSTRACT: This study employs the Smoothed Particle Hydrodynamics (SPH) method to develop a computational
fluid dynamics (CFD) model for analyzing the interaction between rogue waves and mooring systems. Four floating
body configurations are investigated: (1) dual rectangular prisms, (2) rectangular prism–sphere composites, (3) sphere–
rectangular prism composites, and (4) dual spheres. These configurations are systematically evaluated under varying
mooring conditions to assess their hydrodynamic performance and wave attenuation capabilities. The model accurately
captures the complex fluid–structure interaction dynamics between moored floating breakwaters and incident wave
fields. Among the configurations, the dual rectangular prism system demonstrates superior performance in both wave
dissipation and mooring force reduction. Under conditions involving dual wave makers, the influence of floating body
shape and number on wave height is found to be minimal. However, dual-body arrangements consistently outperform
single-body setups in terms of both energy dissipation and structural stability. From a cost-efficiency perspective, the
configuration comprising two rectangular prisms connected via a single mooring system offers significant advantages
in material usage and deployment feasibility.
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1 Introduction
Rogue waves are highly nonlinear, asymmetrical ocean waves with abnormally large heights, typically

exceeding 2.0 to 2.2 times the significant wave height [1]. These waves concentrate their energy and
momentum in localized areas through short wave sequences, posing significant threats to marine structures.
Various hypotheses have been proposed to explain their formation, but no scientific consensus has been
reached. Onorato et al. [2] suggested that the generation of rogue waves varies under different physical
conditions. Pelinovsky and Kharif [3] proposed mechanisms such as dispersive focusing and Benjamin-
Feir instability. Experiments have shown that increased wave steepness due to positive current gradients
can induce modulational instability, leading to large-amplitude waves. Jeon et al. [4] simulated a bull’s-eye
wave generated by multi-directional wave focusing. Using the open-source software OpenFOAM 5.0, they
developed a multi-directional wave generation boundary condition. This enabled them to investigate the
water particle kinematics on the free surface of rogue waves and study their impact on floating structures.

Breakwaters are marine structures that protect harbor areas from wave-induced damage and are crucial
for port protection. Floating breakwaters, in particular, are gaining increasing global attention. They are
well-suited for deep-water conditions, soft seabed foundations, and large tidal ranges. Additionally, they can
facilitate water exchange to improve harbor water quality.
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In recent years, researchers have explored and evaluated different types of breakwaters to meet diverse
environmental needs, such as traditional bottom-mounted and floating breakwaters. Traditional bottom-
mounted breakwaters are highly effective at reflecting and absorbing waves, but they require a large volume
of construction materials and can restrict water exchange. In contrast, floating breakwaters are widely
used for wave reduction and offer several environmental benefits. They promote better water circulation
in nearshore areas and are suitable for offshore or coastal regions with weak seabed conditions. Floating
breakwaters also have less stringent seabed foundation requirements, lower costs, and quicker installation
times. With improvements in data collection and computer technology, computational fluid dynamics (CFD)
has enabled detailed studies of the hydrodynamic performance of floating breakwaters [5]. These advantages
have attracted significant interest from researchers and engineers.

Floating breakwaters exist in several forms, such as single-pontoon, double-pontoon, mat-type, and
horizontal-plate designs [6]. The single-pontoon type has been more widely studied due to its simple
structure. Ren et al. [7] developed an SPH model to simulate the nonlinear interactions between waves
and floating breakwaters (FBs). After verifying the numerical model, they examined how structural length
and density affect the hydrodynamic performance of FBs. Liu and Wang [8] used DualSPHysics to numer-
ically study the hydrodynamics of moored single-pontoon floating breakwaters with six cross-sectional
shapes: circular, downward-triangular, upward-triangular, rectangular, downward-trapezoidal, and upward-
trapezoidal. Chen et al. [9] carried out thorough numerical and experimental research on the hydrodynamic
characteristics of double-pontoon floating breakwaters. Their findings showed that double-pontoon designs
outperform single-pontoon breakwaters in wave attenuation.

Floating breakwaters typically utilize one of three mooring systems [6,10]: taut, slack, or hybrid. Taut
mooring systems employ pre-tensioned metal wires or fiber ropes that are held under tension. Since the
tension is much greater than the rope’s weight, the mooring force mainly arises from the stretching of the
lines. Slack mooring systems use heavy, long chains that hang naturally in the water. Here, the mooring force
is primarily due to the catenary effect and weight of the submerged chain. Hybrid mooring systems attach
the floating structure to steel pipes driven into the seabed. In this setup, the main force on the floater is the
horizontal wave force, as the floater tends to lift along the piles. When developing and using different floating
breakwaters, it is crucial to accurately quantify the forces on the breakwater and its mooring lines, as well as
the dynamic response of the entire floating breakwater system.

SPH is a gridless, or mesh-free, method for simulating fluid dynamics. The method operates by
tracking a multitude of discrete particles that represent the fluid domain. In the software DualSPHysics,
SPH is implemented with three main components: the basic SPH formulation, a density diffusion term
added by Molteni and Colagrossi, and a particle shifting technique (PST) to maintain a regular particle
distribution [11,12]. The Molteni and Colagrossi term can sometimes cause numerical instabilities near
the fluid surface; consequently, an improved formulation was developed to address this issue. This new
formulation ensures robust performance throughout the fluid domain, particularly near the surface, leading
to a new set of governing equations that incorporate diffusion in both the fluid’s momentum and energy,
characterizing the natural fluid behavior [13]. In recent years, mesh-free methods have gained popularity.
SPH is a prominent example, widely used in engineering due to its distinct advantages. Unlike grid-based
methods, SPH does not require a structured mesh for computation. This characteristic makes it particularly
effective for modeling large deformations of the fluid domain.

SPH is a robust method for simulating free-surface flows and intense wave-structure interactions, as
the free surface does not require special tracking algorithms. Its meshless nature allows it to handle large
free-surface deformations without concerns about grid distortion. Additionally, SPH can readily handle
moving complex boundaries, floating bodies, and fluid interfaces. In recent years, there have been major
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improvements in SPH, especially in the development of δ-SPH models [14,15], new Incompressible SPH
(ISPH) formulations, and more sophisticated particle shifting techniques.

Moreover, SPH is inherently well-suited for tracking free surfaces and moving boundaries, a key feature
of the method. However, SPH also has challenges, such as high computational costs. Recently, DualSPHysics,
which is based on SPHysics, has been developed. It includes a graphical user interface tool for practical
engineering problems. DualSPHysics is physics-based and can be executed on GPUs, leveraging powerful
parallel computing to significantly reduce simulation time.

Rogers et al. [16] employed the open-source code SPHysics to simulate the stability of caisson break-
waters. Barreiro et al. [17] simulated wave-structure interactions in a case study of wave forces on coastal
urban structures. Vacondio et al. [18] simulated 3D waves generated by rock slides on rubble mound
breakwaters. Altomare et al. [19] used the DualSPHysics software package to study wave run-up on rubble
mound breakwaters [20]. An improved relaxation zone technique was proposed to avoid the influence of
reflected waves in the DualSPHysics model. This numerical approach for assessing wave forces on coastal
structures was validated, and the improved relaxation zone technique was proposed to mitigate reflected
wave effects in DualSPHysics simulations. The SPH-based DualSPHysics model has been successfully applied
to other engineering challenges, including floating structure dynamics under wave propagation, liquid-
sediment multiphase scour, and flow-induced resuspension phenomena [21–24]. Therefore, DualSPHysics
has been demonstrated to be an effective tool for the preliminary design of coastal defenses. This review of
the literature provides a preliminary understanding of the formation mechanisms and relevant aspects of
rogue waves and floating breakwaters, which offers a valuable foundation for our future research.

Table 1 summarizes the current research status of moored floating breakwaters. However, to the authors’
knowledge, few systematic comparisons exist regarding the wave height and floating body position changes
for floating breakwaters with dual wave-generating panels, single and dual mooring systems, and dual
floating bodies.

Table 1: Current research status of moored floating breakwaters

Shapes Researches
Single floating [6,7,25–28]

Single-sided wave maker [5,7,25,27]
Dual mooring [7,25,27]

The first innovation of this study is the analysis of dual floating structures with various configurations
connected by a mooring system. We investigate the displacement variations of the floating structures under
severe wave conditions generated by dual wave-making panels. Comparisons are made regarding the wave
height and positional changes of the dual floating structures under different mooring configurations and
single/dual wave-making panels. The second innovation involves the development of a program that extracts
time-series data of wave height at specific surface points, vertical displacements of the floating bodies, and
their three degrees of freedom. The structure of this paper is as follows: Section 2 introduces the basic
concepts and principles of the SPH method; Section 3 presents validation cases of wave interaction with
floating breakwaters; Section 4 contains significant numerical simulations and the core research content;
and Section 5 summarizes the main conclusions.
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2 Numerical Method
This section outlines the SPH approach and mooring systems, combining them into a coupled SPH-

mooring framework. DualSPHysics models the fluid-breakwater interactions, whereas Moordyn handles the
mooring line dynamics.

This research utilizes an open-source mooring analysis tool grounded in lumped-mass theory to
determine mooring forces for floating structures [29]. For modeling free-surface flows, the study implements
DualSPHysics (https://dual.sphysics.org/) (accessed on 13 July 2025), a well-established SPH framework
optimized for GPU acceleration. The combined approach enables precise simulation of wave-breakwater
interactions, benefiting from both computational efficiency and numerical stability. While leveraging
existing open-source solutions, the following sections outline the essential simulation methodologies.

2.1 Particle-Based Equations in SPH
SPH is a mesh-free Lagrangian technique well-adapted for simulating free-surface flows and wave

dynamics. This method represents the fluid using discrete, independent material particles. Before presenting
the governing equations of SPH, it is essential to address a key principle: the conservation laws from contin-
uum fluid mechanics must be converted from their partial differential form into a particle-based framework.
This transformation is accomplished by employing integral equations and interpolation functions that enable
computation at individual particle positions. The interpolation function, or kernel function W, can assume
various mathematical forms. This study employs the quintic kernel function for all simulations [30]:

W(r, R) = αD (1 −
q
2
)

4
(2q + 1) when 0 ≤ q ≤ 2 (1)

where q = r/R (Eq. (1)) is used to represent the separation between any two given particles, in which r is the
actual distance and R is the smoothing length. αD is a normalized constant, αD = 7/14πh2 and 21/16πh3 in
2D and 3D, respectively. h is the support radius of the kernel function.

In the SPH method, fluid regions are discretized into a set of particles. The physical quantities of each
particle, such as position and velocity, are calculated by interpolating these values from neighboring particles.
The core of the SPH method is the interpolation scheme, which allows for the approximation of any field
function F through integral calculations, as shown below:

F(r) = ∫
Ω

f (r′)W(r − r′, h)dr′ (2)

where Ω represents the integration domain. In the SPH method, r′ − r represents the position vector
difference between two particles. r is the position vector of the particle at which we want to compute
the physical quantity, and r′ is the position vector of another particle in the neighborhood. In the SPH
method, the kernel function is non-zero only within the range ∣r′ − r∣ ≤ h. This means that two particles will
only influence each other if their distance is less than or equal to the support radius. The kernel function
W(r − r′, h) is used to assess the contribution of neighboring particles based on their separation distance,
which is scaled by the smoothing length h. It is assumed that the function F (Eq.(2)) represents the water
pressure P, which can be approximated in a non-continuous, discrete form based on a set of particles within
the support domain, as defined by the following equation:

Pi ≈ ∑
j

PjΔv jWi j (3)

https://dual.sphysics.org/
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where Δv j is the volume of particle j. By assuming Δv j = m j/ρ j, where m and ρ are the mass and density of
particle j, respectively, the above equation can be rewritten as:

Pi ≈ ∑
j

Pj
mb

ρb
Wi j (4)

where mb represents the mass of particle mb and ρb is the density of particle b.
The conservation laws of continuum fluid dynamics can be expressed in this form, thereby yielding the

SPH governing equation (Eq. (4)). Assuming that the fluid is discretized into N particles, the choice of the
number of particles depends on the accuracy requirements of the simulation and the available computational
resources. Generally, a higher number of particles leads to more accurate simulations, albeit at a higher
computational cost.

Given the total volume of the fluid as V and the number of particles as N, the volume of each particle
Vb can be calculated. Assuming the density ρb of the fluid is known, the mass mb of each particle is then
determined by the product of the density and the volume of the particle:

mb = ρb ⋅ Vb = ρb ⋅
V
N

(5)

The motion of fluid particles is governed by the momentum equation and the equation of mass
continuity, refer to the study by Crespo et al. [31] as shown below:

dv⃗i

dt
= −∑

j
m j (

Pj + Pi

ρ jρi
+Π i j)∇i Wi j + g⃗ (6)

dρi

dt
= ∑

j
m jv⃗i j ⋅ ∇i Wi j (7)

here, v⃗ denotes the velocity of a particle, while v⃗ signifies gravitational acceleration. In Eqs. (6) and (7),
subscripts Eq. (7) correspond to the target particle and its neighboring particles, respectively.

2.2 Motion of Floating Objects
The motion model of the floating body is shown in Fig. 1. According to Newton’s second law, the

equations of motion can be written as:

M dV
dt
=

N1

∑
i=1

f i + Ft +Mg (8)

I dΩ
dt
=

N1

∑
i=1
(ri −R0) × f i + T t (9)

the dynamic behavior of the floating body is governed by its linear velocity V and angular velocity Ω (Eqs. (8)
and (9)), which represent the translational and rotational motions of the center of mass, respectively. The
system experiences external forces, including the mooring force Ft and its corresponding torque T t about the
center of mass, along with hydrodynamic forces f i acting on each boundary particle. Geometric parameters
comprise the center-of-mass position R0 and individual boundary particle positions ri , with N1 indicating
the total number of boundary particles. The inertial properties are characterized by the body mass M and
moment of inertia I, which collectively determine the dynamic response of the floating structure.
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Figure 1: Sketch of the motion model of the floating body

2.3 Mooring Force Model
Adopting the simplified spring analogy [30], the analysis disregards mooring line mass and gravitational

effects. System equilibrium in still water is achieved through cable pretension, generating a mooring force:

∣Ft ∣ =
⎧⎪⎪⎨⎪⎪⎩

∣Ft0∣ + kt(lt − lt0); ∣Ft0∣ > kt(lt0 − lt)
0; ∣Ft0∣ ≤ kt(lt0 − lt)

(10)

the mooring line pretension ∣Ft0∣ (Eq. (10)) is equivalent to the submerged structure’s buoyancy-weight
differential. The system’s elastic response is governed by the stiffness kt , with length variations described by
the instantaneous lt and initial lt0 dimensions.

The moment exerted on the floating body by the mooring cable is:

T t = (r t − R0) × F t (11)

where r t is the position vector from the floating body to the mooring joint.
The moment exerted by force F i on the floating body is calculated by the formula:

T i = (r i − R0) × f i (12)

consequently, the total wave force and the force acting on the floating body are calculated by the formulas
in Eqs. (13) and (14) as follows:

Fwave =
N1

∑
i=1

f i (13)

Twave =
N1

∑
i=1

T i =
N1

∑
i=1
(r i − R0) × f i (14)
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2.4 Coupled SPH Mooring Model
The numerical implementation successfully integrated DualSPHysics with Moordyn, establishing a fully

coupled SPH-mooring simulation framework. The DualSPHysics solver performs three primary compu-
tational functions: (1) an efficient neighbor-particle search using a cell-linked list, (2) an iterative solution
of the particle governing equations, and (3) temporal advancement of physical quantities using a suitable
time-stepping scheme. This coupled modeling approach builds upon previous successful implementations
of floating breakwater-mooring system interactions, as demonstrated in the works of Domínguez et al. [23]
and Liu et al. [32].

A loosely coupled scheme is employed at each time step [33], where each computational step sequentially
performs the SPH-based hydrodynamic force calculation on the floating breakwater, transfers the structural
kinematics data to Moordyn, solves the mooring line dynamics, and finally feeds the resultant forces
back to DualSPHysics for breakwater motion computation. This partitioned approach maintains proper
synchronization between fluid-structure interaction and mooring dynamics, with the complete workflow
illustrated in Fig. 2.

Figure 2: A sketch of the coupling procedure between the SPH model and the mooring analysis program

This study presents an integrated numerical framework that combines CFD with a coupled mooring
system algorithm to simulate wave-structure interactions. The methodology employs smoothed particle
hydrodynamics to establish the numerical wave tank, incorporating a novel mooring dynamics module
through customized programming within the SPH solver. The approach accurately captures floating body
motions and associated mooring tensions under regular wave conditions.

3 Validation of SPH Mooring Model
This section validates the SPH-based hydrodynamic model by simulating wave-floating body interac-

tions. The simulation results are systematically validated against experimental data reported in previous [5]
and [7], demonstrating the model’s accuracy in capturing complex fluid-structure interaction phenomena.
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3.1 Model 1
3.1.1 Numerical Wave Tank Setup

The first validation case is based on the experimental configuration from Ren et al. [7], which consists
of a 2D wave flume with distinct boundary conditions: a piston-type wave generator at the left boundary
and an inclined beach (θ = 25○) at the opposite end to minimize wave reflections. The numerical domain
measures 6 m in length with a constant water depth d = 0.4 m. A floating breakwater (FB) with dimensions
of 30 cm (length) × 20 cm (height) × 42 cm (width) and a mass of 12.6 kg (ρ = 500 kg/m3) is positioned
3.85 m downstream from the wave maker, creating a representative wave-structure interaction scenario. As
shown in Fig. 3, the experimental measurements have a time resolution of 0.1 s over a 30 s duration.

Figure 3: Numerical setup of the experiment forced by regular waves

3.1.2 Comparative Analysis between Physical Experiments and Numerical Simulations
The study focuses on analyzing the variation of wave surface elevation over time in the absence of a

floating box, as well as the three-degree-of-freedom motions (surge, heave, and pitch) of an unconstrained
floating box under regular wave conditions (H = 0.1 m, T = 1.2 s). The numerical simulations employ three
particle spacings: dp = 0.015 m, dp = 0.01 m, and dp = 0.005 m. The SPH model accurately predicts the
undisturbed water level elevation (η) at the box’s location and the subsequent trajectory of the floating
body, showing good agreement with the physical test results. Comparative analysis revealed consistent
correspondence between experimental and numerical data across all motion components. The heave
response showed particularly strong alignment, with simulation accuracy improving at higher resolutions.
Similar resolution-dependent agreement was observed for surge motions, where refined simulations better
captured the experimental time history. Fig. 4 further confirms this trend for rotational dynamics, with pitch
angle predictions showing a progressively closer match to measured data as numerical resolution increased,
validating the model’s capability to simulate complex wave-structure interactions.

3.2 Model 2
3.2.1 Numerical Wave Tank Setup

The second validation case is based on the SPH simulation and experimental setup from Jeon et al. [4],
as depicted in Fig. 5. The incident wave conditions are defined by a wave height (H) of 0.15 m and a period (T)
of 1.2 s. For this scenario, the experiment was conducted in a 2D wave tank at Jiangsu University of Science
and Technology, with a scale ratio of 1:20. The wave tank is 40 m (length) × 0.8 m (width) × 1.4 m (high).
Piston-type wave makers and wave absorbers are installed at both ends of the tank. To effectively reduce wave
reflection, gravel and vertical porous plates were arranged on the beach (Fig. 5).
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Figure 4: The comparison of the experimental and numerical time series of the water level (η) and the heave, surge,
and pitch motions of the free-floating box tested under regular waves



1978 Fluid Dyn Mater Process. 2025;21(8)

Figure 5: A sketch of verification case for a moored floating breakwater

3.2.2 Comparative Analysis between Physical Experiments and Numerical Simulations
In this validation, four numerical wave gauges (WG1–WG4) were used to measure water levels at

different locations, thereby capturing the spatio-temporal dynamics of the wave field. Fig. 6 provides a
detailed comparison of the time histories between the SPH simulation and physical experiments, which
was used to validate the accuracy of the numerical simulation method. With a particle spacing of
dp = 0.008 m, the numerical solution was compared with the experimental values. The results demonstrate
that the coupled SPH method can accurately predict the wave height, with the numerical solution closely
matching the experimental data, particularly in capturing wave crests and troughs. This validation further
confirms the reliability and effectiveness of the coupled SPH method in simulating wave propagation and
wave height variation, providing a solid foundation for subsequent studies on wave-structure interactions.

Figure 6: (Continued)
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Figure 6: Comparisons of the time histories of the water elevations at (a) WG1, (b) WG2, (c) WG3 and (d) WG4 for
experiments and SPH simulation. The horizontal and vertical axes are normalized by T and H

4 Numerical Simulation

4.1 Basic Setup of Dual Floating Breakwaters
A 2D numerical model is used for this study. This study employs a piston-type numerical wave paddle

to generate the specified wave conditions, which can produce both regular non-breaking and breaking waves
under appropriate circumstances. The numerical model setup is shown in Fig. 7, which depicts a 2D wave
tank with a length of 32 m and a height of 1.5 m. The wave conditions are defined by an incident wave height
(H) of 0.1 m and a period (T) of 1 s. Geometric details of the 2D model and the four considered floating body
configurations are shown in the figures (Fig. 8).
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Figure 7: Schematic diagram of the numerical water tank for the double floating breakwater in Case 1

Figure 8: Schematic diagram of the numerical water tank for the double floating breakwater in Case 1´

The simulation cases are defined as follows: Case 1 (dual wave maker, dual mooring); Case 1´ (single
wave maker, dual mooring); Case 2 (dual wave maker, single mooring); Case 2´ (single wave maker, single
mooring); Case 3 (dual wave maker, dual connected floating bodies); Case 3´ (single wave maker, single
connected floating body); Case 4 (dual wave maker, single floating body); and Case 4´ (single wave maker,
single floating body). Cases 1, 1´, 2, 2´, 3, and 3´ are set with four model configurations (SS, SC, CS, CC),
while Cases 4 and 4´ are set with two model configurations (S and C). The relevant parameters can be seen
in the following Tables 2–5.
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Table 2: Setting of all cases in the current study (SS: dual-rectangular breakwater; SC: rectangular-sphere breakwater;
CS: sphere-rectangular breakwater; CC: dual-sphere breakwater; S: single rectangular breakwater; C: single sphere
breakwater)

Typle T (s) H (m) S (m) Δt (s) ρ/ρ0 WG1 (m) WG2 (m) WG3 (m)
SS 1 0.1 0.3 0.1 0.5 −13 0 4
SC 1 0.1 0.3 0.1 0.5 −13 0 4
CS 1 0.1 0.3 0.1 0.5 −13 0 4
CC 1 0.1 0.3 0.1 0.5 −13 0 4
S 1 0.1 / 0.1 0.5 −13 0 4
C 1 0.1 / 0.1 0.5 −13 0 4

Table 3: Mooring system coordinates

Case

1∣1´ 2∣2´ 3∣3´ 4∣4´
Fairlead1 (−0.55, 0, 0) (−0.55, 0, 0) (0.55, 0, 0) (−0.2, 0, 0)
Fairlead2 (−0.15, 0, 0) (−0.15, 0, 0) (0.15, 0, 0) (0.2, 0, 0)
Fairlead3 (0.15, 0, 0) (0.15, 0, 0) (0.15, 0, 0) /
Fairlead4 (0.55, 0, 0) / (0.55, 0, 0) /
Anchor1 (−1, 0,−0.45) (−1, 0,−0.45) (−1, 0,−0.45) (−0.65, 0,−0.45)
Anchor2 / / (0.65, 0,−0.45) (0.65, 0,−0.45)
Anchor3 / / (−0.3, 0,−0.45) /
Anchor4 (1, 0,−0.45) / (1, 0,−0.45) /

Table 4: Parameters for flexible line

Parameter name Value Unit Description
Line stiffness 2.9e3 N The stiffness of the line, product of the

elasticity modulus and cross-sectional
area

Volume-equivalent diameter 3.656e-3 m The volume-equivalent diameter of the
line

Mass density per unit length 0.0607 kg/m The mass per unit length of the line
Internal damping 0.8 Ns The internal damping coefficient of the

line
Transverse added mass

coefficient
1.0 – Transverse added mass coefficient,

related to line displacement
Tangential added mass

coefficient
0.0 – Tangential added mass coefficient,

related to line displacement
Transverse drag coefficient 1.6 – Transverse drag coefficient, related to

frontal area

(Continued)
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Table 4 (continued)

Parameter name Value Unit Description
Tangential drag coefficient 0.05 – Tangential drag coefficient, related to

surface area
Output flags p – Output node positions

Table 5: Device and software of the current case

Device Software
CPU Intel(R) Core(TM) i7-14650HX 2.20 GHz Operating system Windows 11
GPU NVIDIA GeForce RTX 4050 CUDA Toolkits Version 10.0

Memory 64 G Disk SAMSUNG SSD 1T

4.2 Comparison and Analysis
Fig. 9 illustrates the velocity field around a dual-connected rectangular breakwater (SS) in the case

of dual wave makers (Case 1). The simulation uses a wave period of T = 1 s and a particle spacing of
dp = 0.01 m. A complete wave cycle is depicted, ranging from t = 25 s to 26 s, during which the full cycle of
the pitch motion can be observed. The color of the particles corresponds to the magnitude of their velocity,
and the arrows indicate the direction of velocity.

Figure 9: In Case 1, the velocity vector diagram of the SS configuration within a one-period interval starting at
t = 25 s (T = 1 s, H = 0.1 m) (a–f)
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Fig. 10 presents the time histories of wave elevation at three observation points (x = −13 m, x = 0 m, and
x = 4 m, denoted as WG1, WG2, and WG3) for the four dual-body configurations under dual wave maker
conditions. Overall, the wave height profiles are broadly similar across the four configurations. At positions
far from the floating bodies, the wave heights almost coincide with those in the absence of floating bodies.
However, the motion of the floating bodies generates radiated waves that can superimpose on the incident
waves. At the center (x = 0 m), constructive interference between the waves from the dual wave makers and
the radiated waves from the bodies leads to significantly amplified wave heights. For the dual wave maker
setup, the influence of the four body configurations on wave height is minimal.

Figure 10: In Case 1, SS, SC, CS, and CC are compared in terms of their water level time histories in WG1, WG2 and
WG3
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Fig. 11 illustrates the three-degree-of-freedom motion of the breakwater’s floating bodies under standard
conditions with different configurations, where FB1 represents the left floating body and FB2 represents the
right floating body. Since the simulated wave tank is symmetrical about the central connection line of the
dual floating bodies, the motions of the left and right bodies are nearly identical for the symmetric SS and
CC configurations, whereas they are opposed for the asymmetric SC and CS configurations.

Figure 11: (Continued)
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Figure 11: The motion time histories of breakwaters with different configurations under Case 1 (left: FB 1, right: FB 2):
(1) heave (2) surge (3) pitch

In terms of heave motion, the upstream bodies in the SS and SC configurations exhibit the smallest heave
height. In surge motion, the SC and CS configurations show a larger range of fluctuation, while the relative
fluctuation between the upstream and downstream bodies of the SS configuration is the smallest. In pitch
motion, there is not a significant difference in the motion trajectories of the left and right floating bodies, with
the SS configuration having the smallest amplitude of rotation. Overall, under dual wave maker conditions,
spherical bodies are less effective at wave attenuation and are less stable than their rectangular counterparts.

Figs. 12–14 present simulations of the velocity fields for dual-connected floating bodies with a single
wave-making plate, as well as for single and double interlinked floating bodies, using the rectangular body
as an example.

Figs. 15 and 16 illustrate the time series of the left cable tension for different configurations of the left
floating body under the conditions of Case 1 and Case 3, using the rectangular body as an example. The
mooring tension for all four configurations fluctuates periodically. The fluctuation range of tension is roughly
between 100N and 250N. The SS tension curve is relatively stable with a smaller fluctuation amplitude. The SC
and CS tension curves exhibit a larger fluctuation amplitude, showing a more pronounced periodic change.
They peak at certain moments, such as 31, 33, and 35 s, similar to the SC but with slightly different curve
shapes. The CC tension curve has the largest fluctuation amplitude, showing the most significant periodic
change, also peaking at 31, 33, and 35 s. In terms of fluctuation amplitude, the tension fluctuation is greatest
in CC, followed by CS and SC, with the smallest fluctuation in the SS. Regarding peak values, the tension
peaks in CC and CS are relatively higher at certain moments, while the peak tension in SS is comparatively
lower. It demonstrates the change in tension over time under four different scenarios. The tension fluctuation
is greatest in CC, while the smallest in SS. Therefore, the SS configuration, which results in the lowest tension
fluctuations, is less likely to cause mooring line fatigue or failure.
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Figure 12: In Case 1´, the velocity vector diagram of the SS configuration within a one-period interval starting at
t = 25 s (T = 1 s, H = 0.1 m) (a–f).

Figure 13: In Case 3, the velocity vector diagram of the SS configuration within a one-period interval starting at
t = 25 s (T = 1 s, H = 0.1 m) (a–f)
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Figure 14: In Case 3´, the velocity vector diagram of the SS configuration within a one-period interval starting at
t = 25 s (T = 1 s, H = 0.1 m) (a–f)

Figure 15: The time histories of the tension in the left mooring lines with different configurations connected to the
floating object on the left side under Case 1
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Figure 16: The time histories of the tension in the left mooring lines with different configurations connected to the
separated floating object on the left side under Case 3

Figs. 17 and 18 respectively show simulations conducted on a single floating body under both single and
double wave-making plate conditions, using a rectangular body as an example.

Figure 17: In Case 4, the velocity vector diagram of S within a one-period interval starting at t = 25 s (T = 1 s,
H = 0.1 m) (a–f)
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Figure 18: In Case 4´, the velocity vector diagram of S within a one-period interval starting at t = 25 s (T = 1 s, H = 0.1
m) (a–f)

Figs. 19 and 20 illustrate the velocity simulation of the central position change of a single rectangular
and spherical floating body under the conditions of a single and dual wave maker. The vertical displacement
Z of the floating body changes over time under different conditions. In Case 4 (dual wave maker) and Case 4´

(single wave maker), the fluctuation amplitude and period of the two curves are similar, but there are some
phase differences. At most time points, the displacement in Case 4 is slightly larger than that of Case 4´. In
configuration C (sphere), the results are similar, with the amplitude and period being nearly identical, but
the displacement in Case 4 is again slightly larger than in Case 4´. The two figures show the change of the
floating body in the vertical direction Z over time under different conditions. In the case of a single floating
body, dual wave makers induce a larger vertical displacement than a single wave maker.

Figure 19: Velocity vector diagrams of the floating bodies in Case 4 and Case 4´
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Figure 20: The variation of the center position of the floating body over time in Case 4 and Case 4´ (upper: rectangular
prism, lower: sphere)

Figs. 21 and 22 depict the velocity simulation and the change in wave surface elevation over time at
WG3 (x = 4 m) for Case 1, Case 3, and Case 4, where η represents the wave surface elevation. Under dual
wave maker conditions, the results for SS show that the fluctuation amplitudes and periods of the three cases
are similar, but with subtle differences. At certain time points, the wave elevations for Case 3 and Case 4
are slightly higher than those for Case 1. The situation for the CC configuration is similar to SS; while the
fluctuation amplitudes and periods of the three curves are similar, the elevations for Case 3 and Case 4 are
slightly higher than those for Case 1 at certain time points.

Figs. 23 and 24 represent the velocity simulation and the change in vertical displacement of the floating
body over time for Case 1 and Case 1´. It can be observed that the floating body moves regularly with the wave
period. Under dual wave maker conditions (Case 1), except for the similar vertical displacement of the left
and right floating bodies in the SC configuration, the vertical displacement of the floating bodies is greater
than in the single wave maker case (Case 1´). Consequently, the bodies are relatively more stable under the
condition of a single wave maker. Overall, the four figures show the change in the vertical position Z of the
floating bodies on the left and right sides over time in SC and CS. In the SC configuration, the displacement
of the floating body in Case 1 is close to that in Case 1´, while in the CS configuration, the displacement of
the floating body in Case 1 is greater than that in Case 1´.
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Figure 21: Velocity vector diagrams of the floating body motion in Case 1, Case 3 and Case 4

Figure 22: The variation of wave surface height over time in Case 1, Case 3 and Case 4
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Figure 23: Velocity vector diagrams of the floating body motion in Case 1 and Case 1´

Figure 24: (Continued)
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Figure 24: The variation of the center position of the floating body over time in Case 1 and Case 1´

Figs. 25 and 26 present simulations conducted on the velocities of dual floating bodies with single
mooring and single or double wave-making plates, taking a rectangular body as an example.

Figure 25: In Case 2, the velocity vector diagram of SS within a 25 s period (T = 1 s, H = 0.1 m) (a–f)
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Figure 26: In Case 2´, the velocity vector diagram of SS within a 25 s period (T = 1 s, H = 0.1 m) (a–f)

Figs. 27 and 28 depict the velocity simulation and the change in wave surface elevation over time at
WG3 (x = 4 m) for Case 1´, Case 2´, and Case 3´. Under the condition of a single wave maker, with the
observation point 4 meters behind the floating body, the waves fluctuate regularly with the wave period. In
the SS configuration, the curves for Case 1´ and Case 2´ are close for most of the time, while the curve for Case
3´ shows greater fluctuation. In SC and CS, the curve for Case 3´ exhibits the largest fluctuation, followed by
Case 1´, with Case 2´ having the smallest fluctuation. In CC, the curves for Case 1´ and Case 3´ are similar,
while the curve for Case 2´ is the lowest in height. Comparing the four figures, it can be concluded that for
dual floating bodies under a single wave maker, the ranking of wave attenuation capability is Case 2´ > Case
1´ > Case 3´.

Figure 27: Velocity vector diagrams of the floating body motion in Case 1´, Case 2´ and Case 3´
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Figure 28: The variation of wave surface height over time in Case 1´ Case 2´ and Case 3´

Figs. 29 and 30 illustrate the velocity simulation and the change in wave surface elevation over time at
WG3 (x = 4 m) for Case 1´, Case 3´, and Case 4´. In both the SS and CC configurations depicted in these
figures, the three types of fluctuations vary periodically and regularly. In SS, Case 1´ exhibits a relatively
smaller fluctuation amplitude, while the fluctuation trends of Case 3´ and Case 4´ are quite similar. In CC,
the fluctuation trends of Case 1´, Case 3´, and Case 4´ are mostly consistent throughout most of the time.
Comparing these two figures, under the condition of a single wave maker, the SS configuration provides
superior wave dissipation compared to the CC configuration, and dual-body systems (Cases 1´ and 3´) are
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more effective than a single-body system (Case 4´). Moreover, the wave dissipation effect of Case 1´ is better
than that of Case 3´.

Figure 29: Velocity vector diagrams of the floating body motion in Case 1´, Case 3´ and Case 4´

Figure 30: The variation of wave surface height over time in Case 1´ Case 3´ and Case 4´
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5 Conclusion

5.1 Research Conclusions
This investigation employed an SPH-based numerical approach to analyze and compare the hydro-

dynamic performance of floating breakwaters featuring four different dual-body configurations. The study
systematically examined the effects of wave generation methods (single and dual wave makers), mooring
system configurations, and floating body geometries. Through comprehensive numerical simulations, the
research provides fundamental insights into the fluid-structure interaction mechanisms that govern wave
energy dissipation. The analysis leads to several important conclusions:

(1) Comparison with published experimental data confirms that the coupled SPH-mooring model
accurately simulates the interaction between waves and floating breakwaters.

(2) Of the four dual-body configurations, the dual-rectangular prism (SS) provides the best wave
attenuation performance. It also experiences the lowest mooring forces under the same conditions, thereby
reducing the risk of mooring line failure.

(3) With dual wave makers, the number (single or dual) and shape of the floating bodies have a minimal
impact on the local wave height.

(4) Under identical wave conditions, dual-body systems are relatively more stable. For a single wave
maker, the dual-moored configuration (Case 1´) offers better wave dissipation than the dual-connected
configuration (Case 3´).

(5) From a cost perspective, the single-mooring, dual-connected rectangular body (Case 2´) is an
effective configuration for wave height reduction.

5.2 Practical Applications
The outcomes of this study provide significant theoretical support and practical guidance for the

design and optimization of floating breakwaters. First, the SS configuration, which demonstrates superior
performance in wave attenuation and mooring forces, emerges as a preferred choice in engineering design.
This configuration not only enhances the stability and safety of the breakwaters but also reduces maintenance
costs. Second, the single-mooring, dual-connected rectangular body, which exhibits remarkable cost-
effectiveness, offers valuable references for selecting economically efficient floating breakwater designs in
practical engineering. It helps optimize material usage and lower construction costs while meeting wave
protection requirements. Additionally, the in-depth understanding of the interaction mechanisms between
waves and floating breakwaters provided by this study lays a theoretical foundation for the future integration
of floating breakwaters with wave energy conversion devices, thereby facilitating the effective utilization of
wave energy. Lastly, floating breakwaters play a crucial role in reducing coastal erosion caused by waves
and protecting marine ecosystems. Optimizing their hydrodynamic performance will further enhance their
application value in marine environmental protection.

5.3 Research Limitations
Despite its contributions to analyzing the hydrodynamic performance of floating breakwaters, this study

is limited by its reliance on 2D numerical simulations, which cannot fully capture complex 3D phenomena
such as wave diffraction and short-crestedness that significantly affect breakwater performance in real marine
environments. Additionally, the study only considers regular wave conditions, whereas real ocean waves are
irregular with varying heights, wavelengths, and directions, leading to different hydrodynamic responses.
The study also inadequately addresses the dynamic behavior of mooring systems influenced by multiple
factors like ocean currents, wind, and wave interactions. Furthermore, while focusing on hydrodynamic
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performance, it overlooks the critical aspects of material selection and durability, which are affected by
corrosion and biofouling in marine environments and can degrade the breakwaters’ performance and
lifespan. Lastly, the study does not examine the performance of floating breakwaters under extreme sea
conditions, such as typhoons and storm surges, which pose significant challenges including higher waves,
stronger currents, and higher wind speeds. Future research is needed to address these limitations.

5.4 Future Research Directions
To address the limitations of the current study and enhance its practical relevance and accuracy,

future work will focus on several key areas: conducting three-dimensional numerical simulations integrated
with experimental validation to investigate complex hydrodynamic phenomena such as wave diffraction,
reflection, and refraction in real marine environments; studying the performance of floating breakwaters
under irregular wave conditions to analyze wave attenuation, stability, and mooring system dynamics;
examining the dynamic behavior of mooring systems under the combined effects of ocean currents, wind,
and waves to inform their design and optimization; researching material durability and corrosion protection
to extend the service life of floating breakwaters; evaluating breakwater performance under extreme sea
conditions like typhoons and storm surges to ensure stability and safety; and exploring the integration of
floating breakwaters with wave energy conversion devices to achieve multifunctional designs that combine
wave protection with energy production.
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