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Abstract: Floating breakwaters are widely applied on the ocean water surface to protect human
infrastructure from the destructive power of waves. This study designs and investigates the per-
formance of a novel symmetric-pontoon floating breakwater with a symmetric pair of hydrofoils.
Based at the Cranfield Ocean Systems Laboratory, the system was constructed and tested in various
wave conditions using different fin configurations. The floating structure was anchored using a
symmetric four-point mooring system. The tested waves were regular and symmetric perpendicular
to the propagating direction. Key parameters, including the attenuated wave amplitude, motions of
the breakwater, and the mooring forces, were measured. The wave parameters utilised for testing
covered 1.61–5.42 relative wavelength to structural length, with wave heights of 3 cm and 5 cm.
Results showed the 90◦ fin configuration can reduce wave transmission by up to 74%, with the lowest
mooring forces at 3.05 relative wavelength, enhancing the performance of wave energy dissipation
and structural seakeeping. At 90◦ setup, the mooring force was lowest at 2.41 relative wavelength.
This research can inform novel designs of breakwaters to improve protection abilities for coastal cities
and offshore infrastructures, especially renewable energy systems.

Keywords: floating breakwater; wave tank experiment; fin attachment; wave attenuation; mooring
forces

1. Introduction

The study of breakwaters was extensively conducted to document their designs, ef-
ficiencies, and impacts. Floating breakwaters (FBs) are more flexible and adaptable to
changing water levels and wave conditions compared to bottom-fixed breakwaters. They
are often less expensive to construct, requiring less material and labour for installation. FBs
are easier to install and can be deployed as quickly as they can be relocated. Minimal ad-
verse impacts on the surrounding marine environment have been noted during installation
and operation, allowing ecological and sediment movement [1].

The hydrodynamic interaction between regular and irregular waves and FBs in shal-
low and intermediate waters was comprehensively investigated through experimental
studies [2,3]. The research aimed to explore how incident wave characteristics and struc-
tural geometric properties influence the overall efficiency of FBs. By examining various
configurations, the study revealed that the efficiency of floating breakwaters is strongly
linked to the length-to-wavelength ratio and the draft-to-water-depth ratio. These rela-
tionships indicate that optimising these geometric parameters can significantly enhance
wave energy dissipation. Moreover, a notable insight from the study was the compara-
tive analysis between FBs and fixed breakwaters. It was found that, unlike a single fixed
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breakwater, which primarily acts as a barrier, a FB with motions operates in a more dy-
namic manner. FB not only interacts with the incoming waves but also dissipates energy
by absorbing a portion of it, thereby reducing wave transmission and enhancing wave
attenuation [4]. The wave-attenuation performance of breakwaters is also influenced by
the angle of inclination [5]. These findings underscore the importance of considering both
wave characteristics and structural parameters when designing more efficient breakwater
systems. Some breakwaters incorporate additional components, such as attached plates
and nets. Research has demonstrated that equipping rectangular FBs with vertical plates
as wave-dissipating elements significantly enhances their hydrodynamic performance,
thereby improving structural efficiency while maintaining cost-effectiveness [6]. Compar-
ative analysis indicates that the wave-attenuation performance of floating breakwaters
fitted with wing plates differs substantially from that of conventional box-type breakwaters.
By employing a parameterisation approach based on a multi-objective genetic algorithm
(MOGA) to optimise the dimensions of wing plate floating breakwaters, findings confirmed
that incorporating wing plates can markedly enhance the wave-attenuation performance of
box-type floating breakwaters [7]. Consequently, attached plates are regarded as one of the
most effective structural enhancements.

The length-to-wavelength ratio plays a significant role in determining an FB’s effec-
tiveness. The influence of FB layouts was examined by [8] in terms of wave transmission,
loads along moorings and connectors, under oblique waves. Two layouts, characterised
by different degrees of complexity (I- and J-shaped), and three obliquities (0◦, 30◦, 60◦),
were examined. With increased wave obliquity, the FB became more efficient due to the
decrease in wave transmission and mooring forces. Under perpendicular wave condi-
tions, increasing the complexity of the layout did not yield significant changes in wave
transmission; however, there were notable variations in the forces acting on mooring sys-
tems and inter-module connectors. To evaluate wave blocking and energy absorption, a
time-domain simulation of a pneumatic-type floating breakwater was conducted [9]. This
research extended the fully nonlinear numerical wave tank (NWT) technique to include
the analysis of restrained body motion using the mode-decomposition method within the
acceleration potential field. The study revealed that incorporating a pneumatic damping
system within the breakwater structure enhanced wave energy absorption by regulating
the airflow velocity at the chamber’s outlet. This mechanism allowed for more effective
dissipation of wave energy. When compared to traditional box-shaped floating breakwaters,
pontoons are equipped with a damping system demonstrated up to 20% higher efficiency.
Additionally, an innovative design featuring wing structures and perforated sections was
proposed, further contributing to enhanced performance [10]. The study emphasised the
significance of Computational Fluid Dynamics (CFD) analysis in revealing wave slamming
and water spraying as key factors in improving wave-attenuation performance. The trans-
mission coefficient (Kt) was found to be 9% lesser than the traditional FB under the effect
of wave slamming, and the Kt was about 5% reduced under the effect of water spraying.
Ref. [11] analysed numerical simulations using CFD and reported that longer fins will yield
lower Kt.

For a conventional breakwater, once it is constructed, it normally cannot adjust its
geometry and shape based on different flow conditions. The rotation of the earth influences
the complex wind patterns that drive the ocean wave, which keeps changing throughout the
year. When the wave conditions change, it is key to note that the magnitude of the impact
on the breakwater varies considerably. In such a case, the flexibility to alter the breakwater
parameters can be quite efficient, bringing about the desirable structural changes in the
face of variable wave conditions. Here, the concept of bio-inspired fins as an attachment
can be crucial in improving the effectiveness of FB. In shipping terms, it is referred as bilge
keel. The concept draws inspiration from fish. It is widely used in reducing the roll motion
of ships by generating vortices when the ship rolls, dissipating the kinetic energy and
improving damping of the ship [12]. Vortex generation lowers the transmission coefficient
by dissipating wave energy, disrupting wave coherence, and redirecting energy around



Symmetry 2024, 16, 1605 3 of 15

structures, helping to block or weaken transmitted waves [13]. The same principle can be
extended to FBs to reduce the Kt. Moreover, a fin attachment with configurable angles
can be used to vary the length and draught of the FB, depending on which angle the fin
is positioned.

The effectiveness of a box-type floating breakwater decreases as the wavelength rel-
ative to the breakwater’s length increases. Typically, these structures are most effective
against short-period waves; however, for long-period waves, particularly those with wave-
lengths significantly exceeding the length of the breakwater, wave energy transmission
increases, resulting in reduced effectiveness. Studies have shown that pontoon types with
air damping are more effective than conventional box-type breakwaters in certain condi-
tions [9]. However, research has yet to comprehensively explore the impact of configurable
fin attachments on pontoon-type breakwaters, an area that remains under-investigated de-
spite related studies addressing similar modifications and their influence on wave-breaking
efficiency under varying wave conditions. Adjusting the angle of these attachments could
potentially enhance wave energy dissipation, adapting to changing wave conditions more
effectively [14]. In this context, this project is motivated to investigate the influence of
variable fin angle adjustment on the wave-induced motion and mooring forces behaviour.
Consequently, combining a pontoon structure with a configurable fin attachment system
emerges as a valuable area of interest for current and future research. Considering all the
factors affecting the efficiency of floating breakwaters in reducing transmission coefficients,
and drawing inspiration from past design iterations, this project involves the design, con-
struction, and testing of a pontoon-shaped breakwater with a fin attachment adjustable to
various angles at Cranfield University’s wave tank facility.

This paper is organised as follows. The prototype design is presented in Section 2,
including Section 2.1 for the geometry and materials, and Section 2.2 for the down scaling for
experiments. The experimental cases and conditions are developed in Section 3, including
Section 3.1 for wave tank, Section 3.2 for experimental cases, and Section 3.3 for sensors.
The experimental results are presented and discussed in Section 4. Section 5 summarises
this research and provides recommendations for future work.

2. A Novel FB with Fin Attachments

This study designed and investigated the performance of a novel symmetric-pontoon
floating breakwater with a symmetric pair of hydrofoils. Based at the Cranfield Ocean
Systems Laboratory, the system was constructed and tested in various wave conditions
using different fin configurations. The floating structure was anchored using a symmetric
four-point mooring system. The tested waves were regular and symmetric perpendicular
to the propagating direction.

2.1. The Geometry of the Prototype

Both pontoon-type and box-type breakwaters feature relatively simple structures,
making them easy to manufacture, as shown in Figure 1. However, for the same dimen-
sions, the pontoon-type requires less material, which can reduce production costs. Both
floating breakwater types employ wave attenuation by reflecting incident waves off their
surfaces. However, the pontoon breakwater’s gap between floaters allows for turbulent
dissipation [15], increasing wave energy dissipation. Hence, the pontoon breakwater was
selected as the primary structure, as shown in Figures 1b and 2a. The performance of a
breakwater is dictated by its own dimension [16]. The design of dimensions is introduced in
Tables 1 and 2, and the scaling is introduced in Section 2.2. In this application, inertial forces
are more significant than viscous forces. To maintain kinematic and dynamic similarity, the
impact of viscosity is usually disregarded, with the Froude number and Strouhal number
employed as substitutes for the Reynolds number, as shown in Table 3.
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Figure 2. 3D models of breakwater (a) pontoon-type with fin attachment (b) fin attachment installed
at different angle settings.

Table 1. Floating structure dimensions for model scale and full scale.

Dimension Symbol Model-Scale Full Scale

Length Lm 800 mm 8000 mm
Height hm 200 mm 2000 mm
Width Bm 860 mm 8600 mm

Width per raft bm 200 mm 2000 mm
Draught dm 100 mm 1000 mm

Length of fin lm 170 mm 1700 mm

Table 2. Configurations of the mooring system.

Mooring System Type Taut Leg

Length of each mooring line 2500 mm
Angle of each mooring line 41.0◦

To bolster the wave-dissipation capacity of the floating breakwater, a novel fin at-
tachment was developed, as shown in Figure 2, inspired by the observed principles in
fish, which utilise their gills and pectoral fins to execute abrupt stops during swimming.
Furthermore, this attachment serves to augment both the draught and the reflective surface
area. Moreover, it can induce vortices in the water, provoking energy dissipation through
the turbulence [17]. When the fin attachment is installed at different angles, its primary
wave dissipation mechanisms vary. At 0◦, the main mechanism involves vortex generation,
while at 90◦, it primarily reflects waves. Therefore, this study primarily discussed the
performance of different fins at various angles. The shape of the fin consists of two sloping
surfaces that are tangential to a cylinder.

The mooring system (as shown in Figure 3 and Table 2) consists of four taut polyester
ropes of 0.5 mm2 cross-sectional area connected at the four edges of the structure [18–20].
The attachment points of the mooring system on the floating structure were positioned
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slightly above the splash zone and water level, which helps protect the force sensors from
short-circuit damage from water ingress. The other reason is that the alternative connection
point would have been on the vertical wall of the main body of the breakwater, which is
composed of extruded polystyrene (XPS) foam. XPS is known for its lightweight closed cell
foam design that offer high mechanical strength and buoyancy performance, and hence,
it is used in building insulation and buoyancy applications where compressive strength
and moisture resistance are important. It also exhibits stable chemical properties, corrosion
resistance, dimensional stability, and ease of processing [21]. Despite these characteristics,
XPS is not designed to support the cyclic nature of the mooring force imposed upon it by
the wave loading in the long term. Hence, the attachment points for the mooring system
were designed accordingly.
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Figure 3. 3D illustration of the breakwater model with mooring attached.

The density of Styrofoam is 38.44 kg/m3 [21]. The upper part of the breakwater
was then connected with a Perspex Acrylic cast sheet. Its transparency also facilitates
convenient inspection of breakwater internal structures. In the experimental setup, the
fin was manufactured using Polylactic Acid (PLA). It is noted for its excellent printability,
making it a prime candidate for 3D printing. This material also boasts excellent elasticity,
outstanding thermal stability, minimal shrinkage, and biodegradability. Stiffening members
are required to consolidate the acrylic and Styrofoam assembly. Aluminium profiles were
selected based on their many excellent mechanical and physical properties [22]. Figure 4
shows the constructed prototype and its deployment in a wave tank facility.
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2.2. Scaling of the Experiment

Each module comprised two rectangular floaters and two rows of fin attachments.
In the study, a significant wave height of 1 m was considered, while scaled down by a
factor of 10, as introduced in Table 1. Froude scaling was then used to determine the
structural length and height. Based on the principles of Stokes wave theory, the wavelength
of the designed waves ranged approximately from 12 to 43 metres in the real world. A
larger ratio of wavelength (λ) to structure length (L = 8 m) corresponded to relatively
longer waves to the breakwater, generally corresponding so that more waves can pass
through the breakwater. Typically, the width-to-wavelength ratio falls within the range of
( λ/L = 1.5–5.04) [14]. Furthermore, considering the impact of fin-like attachments on both
width and draught, the breakwater width was set at 8.6 m in full scale and 0.86 m in model
scale. Therefore, the combined width of the full-scale breakwater with fin attachments on
both side was 11.40 m.

To minimise any interference from the outer wall of the water tank in the experiment,
the model-scale structure width was selected at 0.86 m, much smaller than the tank width
of 1.5 m.

Over 90% of the total wave energy was concentrated within three times the wave
height beneath the free surface [14]. Deepening the draught can enhance wave attenuation,
and it is imperative for the breakwater height to surpass the wave height [14]. Additionally,
fin attachment will deepen the draught. To ensure an ample reserve of buoyancy, the
breakwater height was set at 2 m. Half of this height remained above the water surface,
referred to as freeboard, while the rest is draught and was 1 m. Additionally, the length
of the fin attachments was 1.7 m in full scale and 0.17 m in model scale. The fins were
installed on both sides of the structure, and the width of the breakwater increased by twice
the length of the fins from 0.8 m to 1.14 m.

Throughout the scaling-down process, it was imperative to maintain the constancy of
the Froude number [23]. The scaling ratio is shown in Table 3.
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Table 3. Froude scaling summary for model and prototype.

Quantity Prototype-Model
Ratio

Scale
Relationship Scale Factor

Linear dimensions LP/Lm S 10
Linear Velocity VP/Vm S1/2 101/2 = 3.162
Acceleration aP/am 1 1
Area AP/Am S2 102 = 100
Volume ∇P/∇m S3 103 =1000
Angle αP/αm 1 1
Angular Velocity

.
αP/

.
αm S−1/2 10−1/2 = 0.316

Wave Height HP/Hm S 10
Wavelength λp/λm S 10
Wave Period TP/Tm S1/2 101/2 = 3.162
Wave Frequency fP/ fm S−1/2 10−1/2 = 0.316
Water density ρP/ρm γ 1.025
Mass mP/mm γS3 1.025 × 103 = 1025
Force FP/Fm γS3 1.025 × 103 = 1025
Moment MP/Mm γS4 1.025 × 104 = 10,250
Power PP/Pm γS7/2 1.025 × 107/2 = 3241.33

3. Experimental Facility and Setups
3.1. Wave Tank

The experimental tests of this project were carried out in a wave tank located at
Cranfield University. The wave tank comprised three essential parts, as introduced in
Figure 5, including a water tank, a wave maker, and an artificial beach. The water tank is
a simple glass-made tank for containing water. The glass allows users to observe wave
behaviours. This wave tank has the capability to generate wave heights ranging from
0.005 m to 0.28 m, with wave frequencies from 0.1 Hz to 1.1 Hz. In the present experiment,
the still water depth was set to be d = 1.5 m, the length of the wave tank was lt = 30 m, and
the height of the wave tank was lw = 1.5 m. The absorption region featured an artificial
beach made from a curved steel plate, simulating a beach’s slope and curvature. The
generated waves are absorbed in the region. With a wave-absorption efficiency of around
97% [24], only a fraction of the incident waves are reflected by the beach. The reflected
waves by the beach would have no influence on the experimental setup as there is sufficient
distance between the absorption zone and the working zone. This distance would cause
dissipation of the reflected waves.

Symmetry 2024, 16, x FOR PEER REVIEW 7 of 16 
 

 

Wave Height 𝐻௉/𝐻௠ 𝑆 10 
Wavelength 𝜆௣ 𝜆௠⁄  𝑆 10 
Wave Period 𝑇௉/𝑇௠ 𝑆ଵ ଶ⁄  101/2 = 3.162 
Wave Frequency 𝑓௉/𝑓௠ 𝑆ିଵ ଶ⁄  10−1/2 = 0.316 
Water density 𝜌௉/𝜌௠ 𝛾 1.025 
Mass 𝑚௉/𝑚௠ 𝛾𝑆ଷ 1.025 × 103 = 1025 
Force 𝐹௉/𝐹௠ 𝛾𝑆ଷ 1.025 × 103 = 1025 
Moment 𝑀௉/𝑀௠ 𝛾𝑆ସ 1.025 × 104 = 10250 

Power 𝑃௉/𝑃௠ 𝛾𝑆଻ ଶ⁄  1.025 × 107/2 = 
3241.33 

3. Experimental Facility and Setups 
3.1. Wave Tank 

The experimental tests of this project were carried out in a wave tank located at Cran-
field University. The wave tank comprised three essential parts, as introduced in Figure 
5, including a water tank, a wave maker, and an artificial beach. The water tank is a simple 
glass-made tank for containing water. The glass allows users to observe wave behaviours. 
This wave tank has the capability to generate wave heights ranging from 0.005 m to 0.28 m, with wave frequencies from 0.1 Hz to 1.1 Hz. In the present experiment, the still water 
depth was set to be 𝑑 = 1.5 m, the length of the wave tank was 𝑙௧ = 30 m, and the height 
of the wave tank was 𝑙௪ = 1.5 m. The absorption region featured an artificial beach made 
from a curved steel plate, simulating a beach’s slope and curvature. The generated waves 
are absorbed in the region. With a wave-absorption efficiency of around 97% [24], only a 
fraction of the incident waves are reflected by the beach. The reflected waves by the beach 
would have no influence on the experimental setup as there is sufficient distance between 
the absorption zone and the working zone. This distance would cause dissipation of the 
reflected waves. 

 
Figure 5. 3D illustration of the wave tank. 

3.2. Experimental Cases 
To comprehensively study the performance of the floating breakwater under differ-

ent regular wave conditions, a range of experimental cases were designed. There were 
different model settings and wave parameters that needed to be varied in the experiments 
(as shown in Table 4). 
• Without fin attachment: First, the breakwater model without any fin attachment 

should be tested. The result could be useful for assessing the significance of the fin 
attachment and comparing the performance of the breakwater with and without the 
fin. 

Figure 5. 3D illustration of the wave tank.



Symmetry 2024, 16, 1605 8 of 15

3.2. Experimental Cases

To comprehensively study the performance of the floating breakwater under different
regular wave conditions, a range of experimental cases were designed. There were different
model settings and wave parameters that needed to be varied in the experiments (as shown
in Table 4).

• Without fin attachment: First, the breakwater model without any fin attachment should
be tested. The result could be useful for assessing the significance of the fin attachment
and comparing the performance of the breakwater with and without the fin.

• With fin attachment—installation angle relative to horizontal plane: From the design
of the fin attachment, it could be adjusted to four installation angles, which are 0◦, 30◦,
60◦, and 90◦, relative to the horizontal plane.

Table 4. Wave parameters of experimental and real-world scenarios.

No. Experimental Values Real-World Values

H[m] λ[m] f[Hz] H[m] λ[m] f[Hz]

1 0.06 4.337 0.6 0.6 43.37 0.190
2 0.06 3.186 0.7 0.6 31.86 0.221
3 0.06 2.440 0.8 0.6 24.40 0.253
4 0.06 1.928 0.9 0.6 19.28 0.284
5 0.06 1.561 1.0 0.6 15.61 0.316
6 0.06 1.290 1.1 0.6 12.90 0.348
7 0.1 4.337 0.6 1 43.37 0.190
8 0.1 3.186 0.7 1 31.86 0.221
9 0.1 2.440 0.8 1 24.40 0.253

10 0.1 1.928 0.9 1 19.28 0.284
11 0.1 1.561 1.0 1 15.61 0.316
12 0.1 1.290 1.1 1 12.90 0.348

For the wave height, in the tests, only 0.06 m and 0.1 m were chosen because they
were the moderate values for the model. Smaller wave heights would result in mild wave
conditions, which the results and data obtained would be insignificant, while larger wave
height would make the condition too vigorous [25].

For the wave frequency, the wave maker could produce waves from 0.5 Hz to 1.1 Hz.
Since 0.5 Hz was considered to be too calm for the model, the frequency range for the tests
varied from 0.6 Hz to 1.1 Hz, with a 0.1 Hz increment for each successive test.

The dispersion equation was used to describe the propagation behaviour of water
waves under different water-depth conditions and to explain the relationship between
wavenumber, wavelength, wave speed, and frequency. During the experiment, different
wave frequencies were set for the wave tank to adjust the incident wave parameters. The
wavelength was then calculated using the following Equations (1)–(3):

k = 2π/λ (1)

ktanh(kd) =
ω2

g
(2)

ω = 2π f (3)

where k is wave number, d is water depth, ω is angular frequency, and g is gravitational
acceleration.

A suitable interval in-between each test was adopted to ensure that the water surface
was calm from the previous wave interactions, thus avoiding data contamination by re-
reflected waves from the wavemaker [26]. The FB was placed in the appropriate region in
the wave tank, the working zone. A repeat of the selected experimental cases was done,
and the data was checked for repeatability.
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3.3. Sensors

In the experiments, a total of five sensors were used, which could be classified into
three types. These sensors include force sensors, inclinometers, and wave gauges. By
deploying these sensors, the experiments aimed to gather comprehensive data that was
crucial for evaluating the developed floating breakwater performance, effectiveness, and
durability. The installation positions of the sensors and the model setup are shown in
Figure 6. The floating breakwater was subjected to motions in the six degrees of freedom
(DoFs) in the wave tank due to the oscillating nature of the waves. Three of the motions
can be described as translational displacement in the x, y, and z directions. These motions
are referred to as surge, sway, and heave, respectively. The corresponding rotational
motions about the same axes are known as roll, pitch, and yaw, respectively. In the study,
three motion data sets are of interest, namely heave, surge, and pitch, as indicated in
Figure 7 below.
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3.3.1. Force Sensors

This sensor should be placed in-between the breakwater structure and the mooring
line, so that it can act as an extension of the mooring line while measuring the force acting
on the line. To achieve this, the sensor was first tied with the hooking hole using cable ties,
which were originally for the mooring system. Then, a spring was installed on the hook
that was outstretched from the sensor itself, to provide damping and suspension for the
structure. At last, the mooring line was attached to the spring. The force sensor data in time
domain was processed for it to be useful. The load series was established, and a Fourier
transformation analysis was performed in a similar fashion as those of the wave gauges
and the motions. The force sensor model is the Go Direct Force and Acceleration Sensor,
with a measurement accuracy of 0.1 N, a range of ±50N, and a resolution of 50 Hz. The
spring coefficient was measured to be 454.4 N/m.

3.3.2. Accelerator-Inclinometers

An accelerator-inclinometer is a device used to measure the translational and rotational
motion in the three orthogonal planes. The device can collect and record motion data in
six degrees of freedom. For simplification of the analysis, the relevant measurement of
interest shall be the pitch angle, heave, and surge motions. Two accelerator-inclinometers
were used in the experiment, one installed in the front and another one in the rear. It
was needed to make sure that the sensors were installed aligning on the centreline of the
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breakwater to ensure accurate results. The device was installed with its x-axis oriented
along the length of the wave tank. The accelerator-inclinometer model is WT901C, with an
accuracy of 0.05◦ for static measurements and 0.1◦ for dynamic measurements. It has an
angle range of ±180◦ for the X and Z axes and ±90◦ for the Y axis. The sensor operates at a
resolution of 50 Hz.

3.3.3. Wave Gauges

By installing wave gauges both on the upstream area and the downstream area in the
wave tank along the centre line of the tank, the water surface elevations before and after
passing the breakwater could be measured. The wave gauges were calibrated before use, to
ensure accurate, consistent, and repeatable values are obtained when used.

4. Results and Discussion

This section provides a concise and precise description of the experimental results,
along with their interpretation and the experimental conclusions drawn. The analysis
methods referenced here are based on in the cited studies. To minimise the influence of
random experimental errors, each test was repeated at least three times. The coefficient of
variation was calculated for each set of measurements. The uncertainty level was identified
to be less than 3%.

Meanwhile, the accelerations along the three axes were recorded by the accelerometer,
which calls for further treatment of the data. The data processing involved analysis of the
motion history, where a Fast Fourier Transformation (FFT) used double integration of the
acceleration data to obtain their corresponding displacements. The experiment primarily
analysed motion in three degrees of freedom: surge, heave, and pitch. These motions
represent the oscillation amplitudes relative to the mean position of the floating breakwater
under the influence of waves. To nondimensionalise the resulting values of the motions,
the term response amplitude operator (RAO) is introduced, expressed as the ratio of the
amplitude of the motions of the floating breakwater to the amplitude of the incoming
wave. The RAOs for the surge, heave, and pitch motions are defined as given below in
Equations (4)–(6) [27]:

RAOsurge =
Asurge

Acosh(kd)
(4)

RAOheave =
Aheave

A
(5)

RAOpitch =
Θpitch

kA
(6)

where d denotes the still water depth as defined in Section 3.1, and Asurge, Aheave, and Θpitch
denote the motion amplitudes for surge, heave, and pitch motion, respectively.

4.1. The Transmission Coefficient of the Model

To evaluate the performance of the breakwater, the transmission coefficient was used.
The incident wave amplitude Ai was measured by WG1 when the structure was not
deployed in the tank. During the experiment, the transmitted wave height At was measured
using WG2. In such a case, the transmission coefficient was evaluated from Equation (7):

Kt =
At

Ai
(7)

It was seen that the finned configuration with 90◦ orientation had the lowest Kt for
both the 3 cm and 5 cm incident wave amplitudes, as seen in Figures 8 and 9 below. Between
41% and 74% wave attenuation was realised by the fin attachment at 90◦ compared to the
setup with no fin attachment. The best outcomes of Kt for the breakwater with 90◦ fin
attachment occurred between λ/L of 1.5 and 2.5. Outside of this range, its performance
was not remarkable. Also, it was noted that as the angle of inclination decreased from
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90◦ to 0◦, the wave-damping effectiveness of the structure declined, implying an inverse
relationship between the fin attachment and Kt. The same observations in Figure 8a,b
present Kt variation with frequency at 3 cm and 5 cm incident wave amplitudes.
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The 90◦ finned configuration was able to achieve a wave-reduction effectiveness of
over 80% because, at 90◦, the draught of the structure had increased from its initial 10 cm to
25 cm by combining the effective length of the fin (15 cm). The component of the incident
waves below the water surface was effectively attenuated by the increased draught. This
was particularly true as stated by [28], that 95% of the wave energy was located between the
water surface and a quarter of the wavelength below it. It follows that a greater draft depth
at 90◦ would dampen the wave energy even more as wave energy decreases exponentially
from the surface downward. Also, increasing the draught of any floating breakwater often
compensates for its width requirement, thus reducing the engineering cost in the context of
material cost, construction difficulty, and safety requirements [14].

4.2. Load on the Mooring System

To keep the breakwater in the middle position of the wave tank, and prevent it from
drifting with the waves, the mooring lines were pre-tensioned with force in the range of
14 N to 22 N. The pre-tensioning was applied prior to starting the wave machine and
maintained during each run of the experimental case. Pre-tensioning was applied before
each experiment to ensure that the spring does not loosen during testing [29]. The data in
the figure represented the results after removing the pre-tensioned force.



Symmetry 2024, 16, 1605 12 of 15

The mooring forces obtained via the approach described above, when graphed, pro-
duced the illustrations in Figure 9a,b. Considering the plot of mooring forces variation
with frequency for the lower incident wave amplitude of 3 cm illustrated in Figure 9a, the
forces exerted on the floating structure’s mooring lines when the fin attachment angle was
set at 90◦ appear to be lower than the mooring forces in the setup with no fin attachment.
The exception noted is that at λ/L = 5.04 and λ/L = 1.50 , the mooring lines experienced
lower force when the fin attachment was not removed. At 90◦ setup, the mooring force was
lowest at λ/L = 2.24 , representing a 25% reduction compared to the setup when the fin
attachment was removed at the same λ/L . The fin attachment angle was set at 90◦, and
the variation in load was more gradual compared to when it was set at 0◦, which helped
prevent excessive instantaneous impacts on the mooring line.

As shown in Figure 9b, none of the different configurations exhibited a distinct load
pattern as being the setup with the lowest mooring force. For the group with the fin
attachment at different angles, the least mooring force occurred at λ/L = 2.84 . It was
observed that the setup with the 90◦ fin angle amongst others showed median force
distribution.

4.3. Motions of the Model

Noting that the floating breakwater was moored in place by four mooring lines, the
other motions not considered had been restricted by the force on the mooring lines, and since
the model was confined to 2 dimensions, their motions were considered. In Figures 10–12, the
pitch, heave, and surge expressed in terms of RAOs are illustrated for both the 3 cm and
5 cm incident waves amplitudes.
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One of the design objectives of any moored floating structure is accurate prediction of
its motions to wave impacts, which is impulsive wave. This is as important to the service
life of the structures as it is to its station-keeping and stability. The desire is to ensure
minimum motions are experienced under the influence of wave loading. As illustrated
in Figure 11a,b, the pitch RAO showed a decreasing trend as the incident λ/L increased
for all the fin attachment angle types as well as the “no fin” setup. Since wave period is
expressed as the inverse of λ/L , the pitch RAO was high in the long period wave regime
( λ/L > 3.71). Also, for the pitch motion in the case of both the 3 cm and 5 cm incident
wave amplitude, the configuration with fin attachment at 30◦ inclination showed the lowest
pitch motion, reducing the pitch motion by up to 42% and 34%, respectively, relative to the
setup with no fin attachment, which is the default setup.

Now, considering the heave RAO at both 3 cm and 5 cm incident wave amplitudes,
the lowest motion was experienced by two different setup arrangements. Between the
frequency range of λ/L = 5.04 and λ/L = 2.24 , the setup with 0◦ fin inclination had the
least heave motion, reducing the heave motion by 39% compared to the default setup, while
beyond λ/L = 2.24 until λ/L = 1.50 , the “no fin” setup showed the least heave motion.
It implies that at 0◦, the setup was most suitable in the low-frequency regime, whereas the
“no fin” type performed better in the high-frequency region, as illustrated in Figure 12a,b.

In the context of surge motion response of the floating structure, the configuration
with no fin attachment remarkably exhibited the least surge RAO. The fin attachment at all
the angles considered had no significance in reducing surge motion in both instances of
3 cm and 5 cm incident wave amplitude.

5. Conclusions

A floating breakwater with bio-inspired fin attachments was developed and experi-
mentally tested in this work. The fin attachment had a variable angle configuration. The
angles can be changed from 0◦ steps of 30◦ to 90◦. The experimental cases included four
groups involving fin attachment and one group without. These five groups were tested in
two main incident wave amplitudes of 3 cm and 5 cm. The five incident wave frequencies
tested ranged from 0.6 Hz to 1.1 Hz. The combination of these variables totaled 60 experi-
mental cases, to study the influence of fin attachment on wave attenuation, hydrodynamic
motion of the structure, and tension force in the mooring lines.

The incident wave amplitudes selected in the experiment were suitable for the total
height of the structure (24 cm) as smaller amplitudes would have an insignificant effect,
while bigger ones would be beyond the FB’s effective wave defence capacity. The data
acquired from the experiment and data analyses revealed that for the wave impact atten-
uation, the 90◦ fin attachment was the best in attenuating waves of both 3 cm and 5 cm
amplitudes. Compared with the control configuration, that with no fin attachment, the
transmission coefficient, Kt, was reduced by as much as 74%. This implies that as up to
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26% of the incident waves went past the breakwater to the downstream side, which is the
protected area.

The hydrodynamic response analyses conducted in this report took into cognisance
the pitch, heave, and surge motions, expressed in a dimensionless term referred to as RAOs
for each of the motions. In terms of pitch RAO, 30◦ fin configuration exhibited the least
motion. A reduction of up to 42% was realised compared to the control configuration.
When pitch motion reduction is desirous, then, a fin inclined at 30◦ would effectively realise
this goal. The fin has been reported to generate vortex at its edges, dissipating some parts of
the incident waves energy. Considering the heave RAO, as much as 39% heave motion was
reduced when the fin attachment was at 0◦ fin angle. In the horizontal position, the length
of the breakwater effectively increased. Since the fins were installed on the upstream side
and downstream of the FB, the length of the breakwater had increased by twice the effective
length of the fins (1.5 cm) from 86 cm to 89 cm. Finally, the surge RAO was evaluated, and
it was seen that none of the finned configurations effectively reduced the surge motion.
The least surge motion occurred with the no-fin attachment setup.

It was noted that the finned configurations experienced the lowest mooring force at
λ/L = 0.33 for both incident wave amplitudes. Moreover, the 90◦ fin attachment exhibited
an average force distribution, comparatively. The best angle and configuration combination
was the pontoon-type breakwater with 90◦ fins, as it provided the most effective wave
attenuation, exerted smaller and more stable forces on the moorings, and ensured a longer
service life.

Overall, this project’s aims include defending marine structures from wave impact, re-
ducing structural motions, and evaluating the tensile force imposed on the mooring system.
The implication and applicability of these analyses are to protect marine structures from
wave impact while enhancing the structural service life, such as floating solar systems [30].
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