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Abstract: Wind-induced waves can lead to the partial or complete wash-over of beaches, causing
erosion that impacts both the landscape and tourist infrastructure. In some regions of the world,
e.g., Croatia, this process, which usually occurs during a harsh winter, has a major impact on the
environment and the economy, and preventing or reducing this process is highly desirable. One
of the simplest methods to reduce or prevent beach erosion is the use of innovative underwater
structures designed to decrease wave energy by reducing wave height. In this study, submerged
breakwaters are numerically investigated using various topologies, positions, and angles relative to
the free surface. Not only is the optimal topology determined, but the most efficient arrangement of
multiple breakwaters is also determined. The advantage of newly developed submerged breakwaters
over traditional ones (rock-fixed piers) is that they do not require complex construction, massive
foundations, or high investment costs. Instead, they comprise simple floating bodies connected to the
seabed by mooring lines. This design makes them not only cheap, adaptable, and easy to install but
also environmentally friendly, as they have little impact on the seabed and the environment. To eval-
uate wave damping effectiveness, the incompressible computational fluid dynamics (ICFD) method
is used, which enables the use of a turbulence model and the possibility of accurate wave modelling.
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1. Introduction

Beach erosion is a natural process that can lead to significant land loss, often exac-
erbated by high tides and strong wave action. To mitigate the effects of wave-induced
erosion, structures known as breakwaters are employed in both deep and shallow waters.
The function of these structures is to dissipate the kinetic energy of waves and reduce their
amplitude, thereby preserving the natural beach slope [1]. Traditional breakwaters, often
referred to as wave breakers, face numerous challenges, including complex construction,
high costs, and significant environmental impact. They are also rigid in design, making
them unsuitable for varying environmental conditions and seabed types. In contrast, non-
traditional floating breakwaters consist of buoyant bodies [2] tethered by mooring systems.
These floating structures offer numerous benefits: they are adaptable to both deep and
shallow water environments, exert minimal impact on sediment and local ecosystems, and
their costs are less dependent on water depth and foundational structures. The physical
foundation of breakwater is based on wave-breaking theory [3] which states that as a wave
propagates through a barrier, it is dissipated, transmitted, and reflected.

Experimental research conducted by Matsunaga et al. [4] has shown that floating
breakwaters effectively manage larger waves exceeding 1.2 m in height. Further studies,
such as that by Pena et al. [5], have included mooring systems in their analyses, further
confirming the effectiveness of these systems. Another experimental study of double-row
floating breakwaters under regular wave action conducted by Ji et al. [6] showed that
including an additional second row of breakwaters significantly reduced the transmission
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coefficient, which is attributed to dissipation caused by eddies and the moon pool effect.
An analytical approach by Kim et al. [7], which incorporated small wave amplitude theory
to solve wave damping in the porous seabed, concluded that the seabed should be included
as a boundary condition to obtain accurate results. A more recent study conducted by
Chalmoukis et al. [8] applied numerical modelling for porous seabeds to analyse the influ-
ence of vegetation on coastal waves. A more detailed analysis of the wave breaking of a
rubble-mound model was presented by Setiyawan [9] where analysis showed that the slope
of the breakwater is the most important parameter. Numerical modelling has become a pre-
ferred method for studying breakwaters due to its cost-effectiveness and ability to optimise
design parameters. In early studies, two-dimensional (2D) linear analysis using techniques
such as the high-order boundary method [10] and the Green method [11] was often used to
solve these problems. A similar study by Cheng et al. [12] compared experimental tests
with 2D numerical simulations using the Smoothed Particle Hydrodynamics (SPH) method.
The study found that the absence of turbulence modelling and limited degrees of freedom
in mooring force calculations led to discrepancies between experimental and numerical
results, though the numerical model still provided reliable outcomes. However, recent
research by Fitriadhy et al. [13] and He et al. [14] suggested that three-dimensional (3D)
analysis is essential for accurately modelling the complex interactions between submerged
breakwaters and the wave dynamics of complex design parameters, indicating that 3D
analysis should be used.

For modelling floating breakwater systems and their interaction with waves, the SPH
method is becoming increasingly popular. For instance, Guo et al. [15] conducted a study
focusing on tautly moored floating breakwaters to give insight into the engineering design
of the mooring systems of floating breakwaters. They concluded that taut mooring systems
exhibit superior performance compared to those with ropes and slack chains, in both low-
and high-tide conditions. Another study by He et al. [16] introduced a novel multi-float
breakwater structure. They employed the SPH method to examine wave interactions,
solving the structure’s motion using Newton’s second law for rigid bodies. Their results
were validated through laboratory experiments. As accurate wave modelling is a crucial
parameter in assessing accurate breakwater efficiency, an accurate wave generation method
should be applied. Regular waves are the most straightforward approach to applying
wave conditions, and Stokes’ second-order theory is capable of accurately predicting their
behaviour and energy, as shown in Lloyd et al. [17]. An extensive study on adequate mesh
for wave modelling conducted by Huang et al. [18] showed that the results converge if at
least 15 cells per wave height and 100 cells per wavelength are applied. As waves propagate
through breakwaters, turbulence is expected at the submerged breakwater boundary layer
due to its geometry. Ge et al. [19] concluded that RANS turbulence models produce accurate
results in wave problems.

This study focuses on the numerical modelling of submerged breakwaters using ICFD
via LS-DYNA R11.1. solver [20]. The ICFD solver, based on finite element formulation
developed by LS-DYNA, handles wave–structure interactions. It incorporates Stokes’
wave theory and turbulence models, unlike the Arbitrary Lagrangian–Eulerian (ALE)
method, which lacks these features. The objective of this research is to identify the optimal
breakwater system that maximises wave height reduction while minimising the number of
breakwater elements required. A two-stage analysis is carried out for this purpose: first
assessing the most efficient topology out of three possible solutions and later finding the
best arrangement of the chosen solution. The structure of this article is as follows:

• Section 2.1 presents a detailed explanation of the ICFD method used for breakwater
analysis, including a description of the theoretical background and its advantages
over another method for solving fluid–structure interaction (FSI) problems, namely
the ALE method.

• Three possible topologies of breakwater systems with geometrical particulars are
presented in Section 2.2.
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• Section 3 details the numerical setup for assessing the most efficient topology, in-
cluding comprehensive information about the mesh and boundary conditions of the
breakwater system.

• Section 4 presents the results of both analyses, emphasising wave height reduction
and drag estimation.

• The conclusion in Section 5 focuses on the findings obtained and points out the
potential issues and/or limitations of the applied methods.

This study marks the first phase in the development of a system to protect beaches
from erosion. The aim is to determine the optimal topology and angle from all the solutions
proposed by third parties, thus reducing costly and time-consuming experimental tests.
Given the high computational cost of each breakwater analysis, the design matrix was kept
concise. Initially, the solutions were evaluated taking into account numerous constraints
such as the manufacturing capabilities and dimensions of the towing tank, and finally, three
optimal solutions were selected.

Future testing will be conducted in the towing tank shown in Figure 1, which imposes
additional constraints on the system layout. The primary constraint is the distance variation
between rows; in the current setup, this would place submerged breakwaters too close to
the tank sides, causing wave reflection. A larger scale than the chosen 1:20 would reduce
breakwater dimensions and allow for varying row distances (Figure 1b, X dimension).
However, this would result in wave amplitudes smaller than 7.5 cm, making it impractical
for both numerical modelling and real wave generation in the towing tank.
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2. Material and Methods
2.1. ICFD

ICFD uses the Navier–Stokes equations and the continuity equation for numerical
analysis. For incompressible flow, the Mach number should be less than 0.3, i.e.,

M =
V
a
≤ 0.3, (1)

where V is the flow velocity relative to a fixed object, and a is the speed of sound in
the medium. The conservation of mass and momentum for incompressible fluids in the
Eulerian conventional form is represented by the Navier–Stokes equations combined with
the continuity equations:

ρ

(
∂ui
∂t

+ uj
∂ui
∂xj

)
=

∂σi,j

∂xj
+ ρ fi (2)

where ρ represents density, ∂ui
∂t represents local acceleration, uj

∂ui
∂xj

is convective acceleration,
∂σi,j
∂xj

is the divergence of the stress tensor, and ρ fi represents external forces. While the more
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common Finite Volume Method is used to approximate discrete fields for fluid dynamics,
spatial discretisation is conducted here by the Finite Element Method. The final set of
equations that are solved by the ICFD solver is written in compact matrix form:

ρM + ∆tK(µ)u∗
i + S

(
ρun+1

i

)
u∗

i = ρMun
i − Υ∆tGpn + ∆tF (3)

∆tL
(

1
ρ

)
pn+1 = Du∗

i + Υ∆tL
(

1
ρ

)
pn −

.
∼
U (4)

ρMun+1
i = ρMu∗

i − ∆tG
(

pn+1 − Υpn
)

(5)

where ρM represents the mass term, ∆t is the time step, K(µ) is the stiffness matrix, S(ρui
n+1)

is a convective term for non-linear advection, Υ is the time integration parameter, G is the
gradient operator matrix, F is the external force vector, D is the divergence operator matrix,
.
∼
U is the source term vector, and ui and pn represent velocity and pressure.

To solve Equations (3)–(5), LS-DYNA employs a predictor–corrector scheme. In this
process, intermediate variables ui

* and p(n+1) are computed from Equations (4) and (5),
respectively, and then reintroduced into the iterative loop to determine the next step
velocity ui

(n+1). This approach enhances the accuracy of the final pressure and velocity
values, although it is more time-consuming. LS-DYNA employs the Finite Element (FE)
Method for spatial discretisation, adopting strategies similar to those in the ALE method
but with a few notable differences. In particular, the element type used in the ICFD cases is
tetrahedral, while the ALE method typically uses hexahedral elements. While the solver of
the ALE method is designed for compressible fluids and uses an explicit time integration
method, the ICFD solver is an implicit solver optimised for incompressible fluids and
is able to perform double-precision calculations required for turbulence modelling and
boundary layer definition. In addition to the previously mentioned advantages of ICFD
over ALE for wave damping problems, the ICFD solver incorporates wave theory [21],
offering options for Stokes’ 1st-, 2nd-, and 3rd-order theories. The choice of Stokes’ theory
over linear theory is based on the ratio of wave height to wavelength. For 2nd-order Stokes’
theory, this ratio lies in the range 0.04 < H/L < 0.141 [22], which corresponds with the
measured average wave height and length [23,24], making it the appropriate choice.

Finally, the ICFD approach benefits from advanced turbulence modelling capabilities,
whereas ALE does not have implemented turbulence models. A comparative study con-
ducted by Perin et al. [25] demonstrated that the ICFD solver is particularly effective in
scenarios where turbulence is a significant factor, providing results that align closely with
experimental data.

2.2. Breakwater Geometry

The breakwater system is costly due to several complex aspects. These include the
anchoring system, proper placement on the seabed without interfering with sea lanes,
and challenges such as the corrosion and fouling of the system. These factors make the
system expensive to manufacture, install, and test. In the choice of geometry, there exists
an infinite number of topologies, while in manufacturing, several other factors such as
manufacturing capacities as well as towing tank dimensions and the numerical cost of
the analysis, mentioned in the introductory section are limitations. Therefore, three dif-
ferent topologies were selected for the development of the beach erosion system based
on their porosity percentage, as shown in Figure 2, and the most efficient solution was
determined from these options. All three geometries have identical external dimensions,
0.66 × 0.66 × 0.06 m, with only the internal hole size and numbers varying. For the ge-
ometry with cylindrical holes, six holes with a diameter of 0.12 m each and a porosity of
15% were chosen (Figure 2a). In contrast, the other geometries (Figure 2b,c) have square
openings of 0.1 × 0.1 m with porosities of 36 and 70%.



Oceans 2024, 5 746
Oceans 2024, 5 746 
 

 

 
(a) (b) (c) 

Figure 2. Breakwater topology: (a) cylindrical 6-hole, (b) Quadratic 16-hole, and (c) Quadratic 36-
hole topologies. 
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Figure 2. Breakwater topology: (a) cylindrical 6-hole, (b) Quadratic 16-hole, and (c) Quadratic
36-hole topologies.

The breakwaters are manufactured at a 1:20 scale of their actual dimensions in prepara-
tion for future testing in the towing tank at the University of Zagreb, Faculty of Mechanical
Engineering and Naval Architecture. Given that the towing tank has a length of 32.8 m, a
width of 3.6 m, and a depth of 1.8 m, this scale ratio allows for multiple breakwater elements
to be positioned across the tank’s width while facilitating easy installation and fixation.

3. Numerical Setup
3.1. Mesh Particulars

This beach anti-erosion system was developed for water deeper than 10 m, further
away from beaches, and thus, only deep-water conditions were examined. While the
literature, according to Conell and Cashman [26], suggests a minimum of 20 elements
per wave height, the LS-DYNA solver did not converge with this number. Therefore, a
minimum of 40 elements per height, or 20 elements per amplitude, was applied. For the
wavelength, 200 elements were used. Because ICFD uses an implicit solver, a sufficiently
small time step must be provided to ensure that the Courant–Friedrichs–Lewy condition
is met, with the chosen time step of 0.1 s resulting in a condition number around 0.1.
Turbulence was modelled while using the Large Eddy Simulation (LES) sub-grid model
where the sub-grid scale represents the effect of small-scale motion. The Smagorinsky
constant was set to 0.13 [27], and the boundary layer thickness was determined at 0.01 m
with the first cell height being equal to 0.007 m. The LES model showed a good correlation
with the experimental test conducted by Calero et al. [28] in a wave flume under different
wave generation scenarios. Because the numerical domain was shortened in the X direction
compared to the actual length of the tank, the beach structure did not exist in the model
as it did in the towing tank, and waves in this case would not be damped but reflected
off the wall. To prevent this, the damping layer was introduced at the last metre of the
domain to stop any wave reflections from the wall. For the meshing procedure, surface
elements were created which were later automatically extruded by LS-DYNA into 3D
tetrahedral elements.

3.2. Numerical Setup for Assessing Most Efficient Topology

The initial studied case consists of a smaller domain that efficiently reduces the
simulation time. A fluid domain, as shown in Figure 3a, consists of 207 k surface elements,
with 15 elements per wave amplitude, used for an appropriate wave definition (Figure 3b).
The waves are defined using Stokes’ 2nd-order wave definition with an amplitude of
0.075 m and a length of 1.5 m for each of the three different topologies. The wave boundary
condition is applied at the inlet, and a prescribed pressure boundary condition is used
at the outlet. This condition is essentially the same as a pressure outlet, which imposes a
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hydrostatic fluid pressure that ensures ambient environment conditions and results in a
better convergence rate as it prevents backflow occurrence. The submerged breakwaters
are modelled both as a surface model (ICFD boundary part) and as a solid (structural part),
and their anchoring system consists of a wired chain system that is self-stiffening and
allows for just enough movement to reduce the hydromechanical forces while keeping the
submerged breakwater system practically in the same position. For this reason, anchoring
is neglected, and all six degrees of freedom of the submerged breakwater movement are
fixed in space. The influence of the submerged breakwaters is evaluated at four different
positions, ranging from 20 to 5 cm from the free surface, Figure 3b, as below 20 cm, it is
assumed that the submerged breakwater system has no significant influence.
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3.3. Convergence Analysis

A convergence study was conducted to assess the accuracy of the ICFD method. In
previous research [29], a similar wave damping study was performed by comparing the
influence of cylindrical topology on the wave profile, Figure 4a, using the LS-DYNA ICFD
method with the Ansys Fluent results which are presented in Figure 4b.
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For convergence, a Quadratic 16-hole geometry was tested on four different meshes,
10, 13, 15, and 18 elements per wave amplitude, Figure 5a, and comparing the calcu-
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lated total drag force between them, Figure 5b, while using the same boundary con-
ditions as in Figure 4. The drag force was calculated using the database output op-
tion *ICFD_DATABASE_DRAG, and LS-DYNA calculates the drag using the following
two equations:

FP =
∫

PdA (6)

where FP is the drag force due to pressure, with P being pressure and dA being the differen-
tial area:

Fv =
∫

µ
∂u
∂y

dA (7)

where Fv is the viscous component of drag force, µ is viscosity, and ∂u
∂y is the shear velocity

at the wall. The convergence diagram showed that results with less than 15 elements per
amplitude diverge significantly from the results obtained with 15 or more elements as wave
generation is irregular, Figure 5b.
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3.4. Numerical Setup for Submerged Breakwater System

Once the most efficient topology of the submerged breakwaters is determined, a sub-
merged breakwater system is created by varying the angle and position of each breakwater
element relative to its free surface. The objective of this system is to attenuate different
wave heights and lengths, maximising efficiency under expected environmental conditions.
Figure 6a shows the numerical setup for the system analysis. The boundary conditions
are the same as for the evaluation of the topology. At the inlet, the wave is defined as a
2nd-order Stokes wave, while the pressure is defined at the outlet. Figure 6b illustrates
the submerged breakwater system, consisting of several breakwater elements arranged
in three rows, with six elements in a line (as shown in Figure 6b). The angle ◦ between
individual elements is varied. Three rows are chosen due to the towing tank’s limited
width, consistent with future experiments.

To determine the most efficient and cost-effective submerged breakwater system, four
different angle variations are tested. These variations provide insight into the optimal
number of breakwater elements and the threshold depth below which the breakwater
becomes ineffective. The angle is defined by the height difference between the elements in a
row, resulting in a different number of elements in the system, as shown in Figure 7. Angle
variations could reduce costs and save space once determined, as steeper angles require
fewer elements in a submerged breakwater system to achieve the same wave damping.
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Consequently, the system becomes more efficient and economical, requiring fewer materials
and less installation effort.
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4. Results

As outlined in the article structure, two analyses are shown separately. First, an
assessment of the most efficient topology consisting of a single submerged breakwater
element is shown, and later, a complete submerged breakwater system analysis is presented.
Since these simulations are intended to serve as the basis for future towing tank experiments,
the wave amplitudes are shown on a centimetre scale. To determine the most efficient
breakwater topology, four different wave steepness ratios (wave height/wavelength) and
δ are chosen, 1/10, 1/15, 1/20, and /1/33, while simulating 12 s of real time for each
analysis. Analysis particulars for each topology are shown in Table 1 for several wave
steepness ratios δ and wave periods T. Each topology is analysed on the aforementioned
four different wave periods and additionally four different positions for the common wave
in the Adriatic Sea [24], δ = 1/20, T = 5 s, meaning that there are 24 simulation runs in total.

Table 1. Assessing the efficiency of breakwater topology analysis particulars.

Model Name Number of
ICFD Elements

Number of
Solid Elements

Cylindrical holes

δ = 1/10, T = 1.75 s 206 k 500

δ = 1/15, T = 3.75 s 206 k 500

δ = 1/20, T = 5 s 206 k 500

δ = 1/33, T = 7.5 s 206 k 500

Quadratic 16 holes
δ = 1/10, T = 1.75 s 206 k 1284

δ = 1/15, T = 3.75 s 206 k 1284
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Table 1. Cont.

Model Name Number of
ICFD Elements

Number of
Solid Elements

Quadratic 16 holes
δ = 1/20, T = 5 s 206 k 1284

δ = 1/33, T = 7.5 s 206 k 1284

Quadratic 36 holes

δ = 1/10, T = 1.75 s 206 k 2148

δ = 1/15, T = 3.75 s 206 k 2148

δ = 1/20, T = 5 s 206 k 2148

δ = 1/33, T = 7.5 s 206 k 2148

At the submerged breakwater system level, three different wave amplitudes with an
additional three wave steepness ratios are presented, which were generated using three
different meshes. A summary of the breakwater system with information about the mesh
for both the ICFD fluid domain and the number of solid elements for the breakwater system
topology and simulation time can be found in Table 2. Each simulation was run on 32 cores
of an Intel Xeon Gold 6248 CPU using the LS-DYNA mpp_d_13_0 solver, with 15 s of
wave dampening simulated. The table reveals a significant discrepancy in simulation time
between the 7.5 cm amplitude wave and the other two amplitudes, 10 cm and 12.5 cm. The
reason why these amplitudes are chosen lies not only in the measured average wave height
in the Mediterranean basin [23] but also in wave modelling and the aspect ratio, which is
especially challenging for the smallest 7.5 cm amplitude. The ICFD solver is sensitive to
poor surface element quality, where elements with an aspect ratio greater than 3 can cause
numerical divergence. Thus, a fine wave mesh and a small time step were required for
accurate wave modelling. In this study, 15 elements per wave amplitude converged to an
accurate shape, but this meant that small elements were used in the other two directions
to respect the aspect ratio which resulted in almost double the mesh size compared to the
other two amplitudes which finally resulted in an 8× bigger 3D mesh size once the solver
extruded initial surface elements to tetrahedral elements. To reduce computational time,
three additional wave steepness ratios were tested with the 12.5 cm amplitude.

Table 2. Analysis information for submerged breakwater system.

Model Name Number of
ICFD Elements

Number of
Solid Elements Real-World Time

7.5 cm amplitude,
1.5 m wavelength,

δ = 1/20,
T = 3.75 s

Angle 1 435 k 22 k 12 h, 29 min

Angle 2 435 k 33 k 12 h, 43 min

Angle 3 435 k 45 k 13 h, 13 min

Angle 4 435 k 60 k 13 h, 50 min

10 cm amplitude,
2 m wavelength,

δ = 1/20,
T = 5 s

Angle 1 284 k 22 k 3 h, 50 min

Angle 2 284 k 33 k 3 h, 55 min

Angle 3 284 k 45 k 4 h, 6 min

Angle 4 284 k 60 k 4 h, 15 min

12.5 cm amplitude,
2.5 m wavelength,

δ = 1/20,
T = 6.25 s

Angle 1 197 k 22 k 2 h, 58 min

Angle 2 197 k 33 k 3 h

Angle 3 197 k 45 k 3 h, 2 min

Angle 4 197 k 60 k 3 h, 12 min

12.5 cm amplitude,
1.25 m wavelength,

δ = 1/10,
T = 3.1 s

Angle 1 197 k 22 k 4 h, 3 min

Angle 2 197 k 33 k 4 h, 15 min

Angle 3 197 k 45 k 4 h, 54 min

Angle 4 197 k 60 k 8 h, 21 min
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Table 2. Cont.

Model Name Number of
ICFD Elements

Number of
Solid Elements Real-World Time

12.5 cm amplitude,
1.875 m wavelength,

δ = 1/15,
T = 6.25 s

Angle 1 197 k 22 k 4 h, 45 min

Angle 2 197 k 33 k 6 h, 40 min

Angle 3 197 k 45 k 7 h, 3 min

Angle 4 197 k 60 k 7 h, 14 min

12.5 cm amplitude,
3.6 m wavelength,

δ = 1/33,
T = 9 s

Angle 1 197 k 22 k 5 h, 46 min

Angle 2 197 k 33 k 6 h, 36 min

Angle 3 197 k 45 k 6 h, 42 min

Angle 4 197 k 60 k 7 h, 24 min

4.1. Breakwater Efficiency

The generated waves and the streamlines around the breakwater are shown in Figure 8.
The effect of wave damping can be seen even when a single breakwater is used (Figure 8a).
Regular waves are generated before they reach the breakwater, and after passing through
it, both the amplitude and wavelength of the wave are altered. This alteration occurs due
to the deformation of the wave segment that passes directly over the system, resulting from
vorticity and friction between the wave and each element of the system. The physical effect
of the submerged breakwater is depicted in Figure 8b, where a section of the domain is
examined. Vorticity is generated around each hole, and the fluid velocity streamlines indi-
cate that the vertical component of the velocity is significant, meaning that the breakwater
redirects water in the vertical direction (Z-axis) rather than in the wave direction (X-axis).

Oceans 2024, 5 751 
 

 

12.5 cm amplitude, 
1.25 m wavelength, δ 

= 1/10, 
T = 3.1 s 

Angle 1 197 k 22 k 4 h, 3 min 
Angle 2 197 k 33 k 4 h, 15 min 
Angle 3 197 k 45 k 4 h, 54 min 
Angle 4 197 k 60 k 8 h, 21 min 

12.5 cm amplitude, 
1.875 m wavelength, δ 

= 1/15, 
T = 6.25 s 

Angle 1 197 k 22 k 4 h, 45 min 
Angle 2 197 k 33 k 6 h, 40 min 
Angle 3 197 k 45 k 7 h, 3 min 
Angle 4 197 k 60 k 7 h, 14 min 

12.5 cm amplitude, 3.6 
m wavelength, δ = 

1/33, 
T = 9 s 

Angle 1 197 k 22 k 5 h, 46 min 
Angle 2 197 k 33 k 6 h, 36 min 
Angle 3 197 k 45 k 6 h, 42 min 
Angle 4 197 k 60 k 7 h, 24 min 

4.1. Breakwater Efficiency 
The generated waves and the streamlines around the breakwater are shown in Figure 

8. The effect of wave damping can be seen even when a single breakwater is used (Figure 
8a). Regular waves are generated before they reach the breakwater, and after passing 
through it, both the amplitude and wavelength of the wave are altered. This alteration 
occurs due to the deformation of the wave segment that passes directly over the system, 
resulting from vorticity and friction between the wave and each element of the system. 
The physical effect of the submerged breakwater is depicted in Figure 8b, where a section 
of the domain is examined. Vorticity is generated around each hole, and the fluid velocity 
streamlines indicate that the vertical component of the velocity is significant, meaning that 
the breakwater redirects water in the vertical direction (Z-axis) rather than in the wave 
direction (X-axis). 

 
(a) 

 
(b) 

Figure 8. Results: (a) 15 cm wave amplitude generation, (b) streamline around breakwater.
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When evaluating the performance of breakwaters, two crucial factors—the drag force
and the curve of the wave profile—are of paramount importance. The drag force measures
the resistance that a breakwater offers to incoming waves, which has a direct impact on
its stability and effectiveness. The wave profile curve provides information on how the
breakwater changes the energy and shape of the waves travelling through or around it.
By comparing these parameters of different designs, researchers can determine which
configurations reduce wave energy the most efficiently. This comparative analysis is
essential for the development of submerged breakwater systems that optimally protect
coastal areas from erosion, Figure 9. The highest drag force, Figure 9a, and the lowest wave
transmission coefficients, Figure 9b, were obtained with the Quadratic 16-hole topology.
The cylindrical topology also showed a flattening of the waves, but it was less efficient,
while the Quadratic 36-hole topology proved to be too porous. A comparison of drag force
for each topology over the different steepness ratios is presented in Figure 9c. It can be seen
that the Quadratic 16-hole topology results in the biggest drag for different wave steepness
ratios with especially superior performance for steep waves, δ = 1/33.
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Figure 9. Comparison of different breakwater topologies based on (a) drag, (b) wave profile, and (c) 
drag for different wave steepness ratios. 
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10. The wave velocity, shown in Figure 10a, does not significantly decrease in the cylin-
drical six-hole topology, and the amplitude remains almost unchanged as the waves pass 
through the breakwater system. Similarly, the amplitude of the waves in the Quadratic 
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(c) drag for different wave steepness ratios.

A visualisation of wave flattening for each breakwater topology can be seen in
Figure 10. The wave velocity, shown in Figure 10a, does not significantly decrease in
the cylindrical six-hole topology, and the amplitude remains almost unchanged as the
waves pass through the breakwater system. Similarly, the amplitude of the waves in the
Quadratic 36-hole topology also stays nearly the same. The effect of wave flattening is the
most evident in Figure 10b, which shows a part of the domain just before the submerged
breakwater, with a regular wave approaching. In the case of the Quadratic 36-hole topol-
ogy, the wave remains almost identical after passing through the breakwater due to its
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high porosity. In contrast, the other two topologies exhibit noticeable deformation in the
wave shape.
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the submerged breakwater system, and at three additional positions spaced 0.45 m apart. 
This setup will help determine the system’s influence on both the centre and the periph-
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rection and provide the wave position, which will be used for direct comparison once 
experimental tests are conducted. A comparison of wave transmission coefficient Kt for 
different positions along the Y-axis is presented in Table 3. While the centreline passes 

Figure 10. Comparison of different breakwater topologies based on (a) wave velocity and (b) wave profile.

4.2. Submerged Breakwater System Analysis

The Quadratic 16-hole topology proved to be the most efficient in terms of drag
resistance, so it was chosen for the submerged breakwater system. As a wave passes the
submerged breakwater system, it is slowed down and deformed not only in amplitude and
length, but it is also bent, as shown in Figure 11, marked red.
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Due to the irregular shape of the wave in the XY plane, wave amplitude will be
measured at four different points: along the centreline, where the wave directly interacts
with the submerged breakwater system, and at three additional positions spaced 0.45 m
apart. This setup will help determine the system’s influence on both the centre and the
periphery. The sideline location will indicate the breakwater’s influence on velocity in the
Y direction and provide the wave position, which will be used for direct comparison once
experimental tests are conducted. A comparison of wave transmission coefficient Kt for
different positions along the Y-axis is presented in Table 3. While the centreline passes
above the wall of the breakwater, Cut 1 passes between two neighbouring breakwater
elements, and Cut 2 directly above holes in the breakwater, Cut 3 passes further away from
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the submerged breakwater system. The transmission coefficient shows small variations
between the centreline and Cuts 1 and 2, with Cut 2 having the lowest Kt, meaning that
breakwater holes reduce the wave the most but only for a small margin.

Table 3. Wave transmission coefficients for different wave amplitudes.

δ = 1/20 Model Name Centreline Kt [-] Cut 1 Kt [-] Cut 2 Kt [-] Cut 3 Kt [-]

7.5 cm amplitude

Angle 1 0.34 0.36 0.33 0.4

Angle 2 0.3 0.32 0.29 0.33

Angle 3 0.07 0.09 0.067 0.16

Angle 4 0.04 0.05 0.032 0.12

10 cm amplitude

Angle 1 0.46 0.48 0.45 0.53

Angle 2 0.33 0.35 0.32 0.42

Angle 3 0.22 0.24 0.21 0.33

Angle 4 0.15 0.17 0.14 0.28

12.5 cm amplitude

Angle 1 0.53 0.55 0.53 0.6

Angle 2 0.28 0.29 0.27 0.46

Angle 3 0.2 0.22 0.19 0.37

Angle 4 0.13 0.15 0.12 0.18

Next, Figure 12 illustrates the effect of velocity changes. A significant reduction in
wave crest height is observed only after the wave has passed through the last sixth row of
breakwater elements, which are positioned 5 cm from the free surface.
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This becomes clear by analysing the turbulent kinetic energy, Figure 13. The results 
show that the kinetic energy of turbulence is the highest at an amplitude of 12.5 cm both 
at the wave crest and in the wave trough. Most of the turbulence is generated at the edges 
of the breakwater with a significant difference between the first row of breakwaters, Fig-
ure 13a, and the last row of breakwaters, Figure 13b. This means that the first row is far 
below the zone of influence and does not contribute significantly to the reduction in wave 
amplitude. 

Figure 12. Wave velocity profile for 10 cm amplitude, angle 3.

This becomes clear by analysing the turbulent kinetic energy, Figure 13. The results
show that the kinetic energy of turbulence is the highest at an amplitude of 12.5 cm both
at the wave crest and in the wave trough. Most of the turbulence is generated at the
edges of the breakwater with a significant difference between the first row of breakwaters,
Figure 13a, and the last row of breakwaters, Figure 13b. This means that the first row is
far below the zone of influence and does not contribute significantly to the reduction in
wave amplitude.
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Figure 13. Maximum turbulence creation at both wave crest and trough at (a) first row of breakwater 
and (b) last row of breakwater. 

Next, the reduction in wave amplitude is compared for four different wave steepness 
ratios at the same amplitude of 12.5 cm and the same system arrangement of angle 4, Fig-
ure 14. It is visible that submerged breakwater efficiency decreases with the decrease in 
steepness, with the transmission coefficient being equal to 0.16 for the steepest wave and 
up to 0.64 for the most gradual wave. 
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Finally, Figure 15a compares the drag force in the wave (x-axis direction) for different 
amplitudes, Figure 15b, for different wave steepness ratios. The efficiency of the system 
increases as the angle increases, with drag values being consistent across the three tested 
wave amplitudes. This drag predominantly consists of the viscous component, as shown 
in Figure 15a. Regarding the relationship between the drag force and steepness ratio, the 
angle 4 arrangement is the most effective at damping steeper waves. For the average wave 
steepness of 1/20, efficiency slightly increases with the system arrangement angle, as il-
lustrated in Figure 15b. 
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Figure 13. Maximum turbulence creation at both wave crest and trough at (a) first row of breakwater
and (b) last row of breakwater.

Next, the reduction in wave amplitude is compared for four different wave steepness
ratios at the same amplitude of 12.5 cm and the same system arrangement of angle 4,
Figure 14. It is visible that submerged breakwater efficiency decreases with the decrease in
steepness, with the transmission coefficient being equal to 0.16 for the steepest wave and
up to 0.64 for the most gradual wave.
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Figure 14. Comparison of wave amplitude reduction for different δ ratios—angle 4.

Finally, Figure 15a compares the drag force in the wave (x-axis direction) for different
amplitudes, Figure 15b, for different wave steepness ratios. The efficiency of the system
increases as the angle increases, with drag values being consistent across the three tested
wave amplitudes. This drag predominantly consists of the viscous component, as shown
in Figure 15a. Regarding the relationship between the drag force and steepness ratio, the
angle 4 arrangement is the most effective at damping steeper waves. For the average
wave steepness of 1/20, efficiency slightly increases with the system arrangement angle, as
illustrated in Figure 15b.
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Figure 15. Force comparison for different wave amplitudes in (a) drag force in X direction for δ = 1/20;
(b) relation between drag force in X direction and steepness ratio.
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5. Conclusions

The ICFD analysis demonstrated its capability to model and solve wave interactions
effectively. The initial setup using 20 elements per wave height did not produce an ade-
quate wave at the inlet and resulted in divergence further along the domain. Consequently,
30 elements per wave height and 15 elements per wave amplitude were selected to im-
prove accuracy.

Research consisting of a two-stage analysis of submerged breakwater is presented.
Testing the topology of the submerged breakwater itself, the Quadratic 16-hole topology
proved to be the most efficient in terms of wave damping. The more porous option with
36 holes is less effective due to the smaller surface area, which generates both a lower
drag, Figure 9a, and lower wave profile, Figure 9b, as well as an overall lower efficiency
over different wave steepness ratios compared to the Quadratic 16-hole topology. This
is also demonstrated when the wave profile is visualised, as shown in Figure 10a,b. In
comparison, the cylindrical 6-hole topology also dampens the wave but to a lesser extent
than the Quadratic 16-hole topology, while the Quadratic 36-hole topology has almost no
effect on wave amplitude.

The analysis of a submerged breakwater system has shown that the damping effect
becomes more pronounced by reducing the angle and increasing the length of the overall
system and by connecting more elements in series. Significant damping only occurred
after the fourth row of a breakwater was reached, namely at the position 10 cm from the
free surface at an amplitude height of 7.5 cm. Here, amplitude shift happened, and the
amplitude decreased to only 7% of the initial value. When observing system angles, it
is evident that angle 1 and angle 2 are too steep, as the first row is positioned too low
even for the largest wave amplitudes. A significant increase in wave damping efficiency
occurs at angle 3, while angle 4 shows only a marginal improvement. Turbulence creation,
Figure 13, is visible close to the surface where fluid passes through breakwater holes, and
partial backflow is created. When examining single system angle across different wave
steepness ratios, submerged breakwater demonstrates a more pronounced advantage of
wave dampening at higher wave steepness ratios, as depicted in Figure 14.

The analysis indicates that to significantly dampen the wave amplitude, the lowest
position of the breakwater should ideally be no lower than 40% of the maximum expected
wave amplitude. Therefore, the first row of breakwaters can be omitted in future towing
tank tests.
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