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Abstract: A three-dimensional numerical model was established based on ANSYS-AQWA (R19.0)
software for the purpose of analyzing the hydrodynamic characteristics of a floating breakwater. This
study examines three distinct floating breakwaters with different cross-sectional designs in order
to evaluate their respective wave dissipation capabilities. It is suggested that the horizontal multi-
cylinder floating breakwater exhibits a superior ability to dissipate waves when compared to both
the single-cylinder and square pontoon configurations and can be deemed the most advantageous
shielding strategy for potential engineering applications. Subsequently, this study examines the
effects of influential parameters, including a large cylinder diameter, a small cylinder diameter, the
angular position of the small cylinder, and the height and period of the incident wave, on the wave
transmission coefficient. An empirical formula for the wave transmission coefficient was derived
based on the numerical results. Additionally, the effects of influential parameters, including wind
speed, current velocity, incident wave height and period, and water depth, on the maximum total
mooring force were investigated. Furthermore, an empirical formula for the maximum total mooring
force is proposed for practical implementation in engineering.

Keywords: floating breakwater; multi-cylinder breakwater; transmission coefficient; mooring force

1. Introduction

Breakwaters are used as an important protective structure for port and coastal engi-
neering. It can keep the stability of the water’s surface in its protection area and ensure
the safe operation of the port or protect the coastline from being damaged by waves. In
accordance with the linear wave theory, a significant portion of the overall wave energy
is concentrated in the upper layer of the water column, particularly in deep water envi-
ronments [1]. Thus, a variety of floating breakwaters have been developed and applied
increasingly due to their advantages of enhancing water exchange, expediting construction
duration, minimizing construction materials, etc. [2]. Recently, the design and potential
construction of an artificial floating island in Baa Atoll, Maldives, has been performed, and
the implementation of a floating breakwater system is necessitated to ensure adequate pro-
tection for the floating artificial island. Consequently, the configuration, wave dissipation
performance, and mooring force of the floating breakwater are crucial considerations in the
design and construction of the system.

Over the past few decades, scholars have put forth diverse structural designs for
floating breakwaters, which can be categorized into two distinct groups according to their
operational principles: wave reflection and energy dissipation, as well as a combination

J. Mar. Sci. Eng. 2024, 12, 449. https://doi.org/10.3390/jmse12030449 https://www.mdpi.com/journal/jmse

https://doi.org/10.3390/jmse12030449
https://doi.org/10.3390/jmse12030449
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0002-2755-1086
https://orcid.org/0000-0002-5295-635X
https://doi.org/10.3390/jmse12030449
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse12030449?type=check_update&version=1


J. Mar. Sci. Eng. 2024, 12, 449 2 of 19

of both. Among these, the pontoon-type floating breakwater stands as the basic form of
a reflective breakwater. Floating breakwaters are typically constructed using reinforced
concrete and secured to the seabed through an anchoring system. Various structural designs
for floating breakwaters have been suggested, drawing inspiration from floating pontoon
breakwaters. Peña et al. [3] proposed a configuration known as the floating double-pontoon
breakwater, which incorporates two inner wings positioned between the two floating boxes.
This design aims to increase the effective width in the direction of wave propagation
and improve wave dissipation capabilities. Huang et al. [4] demonstrated that the wave
dissipation performance of the breakwater can be enhanced by incorporating a vertical
baffle with open holes at the bottom of the floating box. Similarly, Loukogeorgaki et al. [5]
conducted experiments and determined that the hydroelastic and structural responses of
the moored pontoon-type floating breakwater are significantly influenced by the wave
period, while the wave height and obliquity primarily impact this response in the low-
frequency range. Yang et al. [6] introduced a novel floating rectangular box breakwater
featuring a conical bottom section, which exhibits a notable capacity to resist overturning
owing to its low center of gravity position. Shen et al. [7] conducted an experimental
investigation on the wave attenuation capabilities of a novel floating breakwater design
featuring twin pontoons and multiple porous vertical plates. Their findings revealed that
this proposed floating breakwater design outperforms the conventional single pontoon
type in terms of wave attenuation. Chen et al. [8] reached a similar conclusion, highlighting
the superior wave attenuation performance of the double pontoon floating breakwater in
comparison to the single pontoon configuration. The comb-type floating breakwater has
been developed as a modification of the pontoon-type floating breakwater, wherein a side
plate is used to replace a portion of the main body of the pontoon [9]. Wang et al. [10]
investigated the impact of the relative width and draft depth on the wave transmission
coefficient for the floating comb-type breakwater and suggested certain enhancements
based on physical model tests.

Several floating breakwaters with dissipation devices have been proposed as well.
Dong et al. [11] conducted a study on the hydrodynamic characteristics and wave attenua-
tion of a floating breakwater equipped with a horizontal plate and cage. Deng et al. [12] in-
vestigated the T-type floating breakwater featuring a vertical baffle at the bottom. Their find-
ings indicate that the inclusion of an additional baffle can significantly decrease the wave
transmission efficiency. Ruol et al. [13] conducted numerical research on a Π-type floating
breakwater with a vertical baffle positioned on the lower section of the pontoon’s sides.
Zhang et al. [14] proposed an L-shaped breakwater structure with a horizontal protruding
plate installed on the seaward side of the breakwater. Similarly, Christensen et al. [15]
investigated a fixed floating square box (L-shaped structure) with a horizontal extension
bottom plate and successfully achieved a favorable wave dissipation effect. Similarly, Wang
et al. [16] conducted experimental research on the dissipation characteristics of curtain-type
flexible floating breakwaters. However, the uncertain design service life of these structures,
along with the challenging environmental conditions they endure during long-term ex-
posure to the sea, necessitate further improvements in structural stability and durability.
Recently, Qiu et al. [17] introduced a novel floating breakwater design consisting of multi-
ple horizontal cylinders, including a main horizontal cylinder and two smaller cylinders.
The main cylinder is submerged in the water and serves to reflect wave energy, while the
smaller cylinders, positioned near the water surface, contribute to wave energy dissipation.
The floating breakwater under consideration possesses a straightforward design and offers
ease of installation while also exhibiting a high level of efficiency in dissipating waves. It
has been temporarily employed in the construction of Ashdod Port in Israel.

The anchoring of the floating breakwater to the seabed via the mooring chain plays
a vital role in determining the breakwater’s performance, stability, and safety. According
to López et al. [18], the arrangement and properties of the mooring chain significantly
impact the heaving amplitude of the floating breakwater. However, it is important to note
that increasing the stiffness of the mooring system can alter the natural frequency of the
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overall system. Consequently, by strategically designing the layout and material strength
of the anchorage system, the natural frequency and motion displacement amplitude of
the floating breakwater can be adjusted to a suitable range. This not only reduces the
construction expenses of the mooring system but also facilitates efficient wave energy
absorption, thereby optimizing the wave elimination process [19,20].

The hydrodynamic characteristics of floating structures can be investigated through
various research methods, including theoretical analysis, physical model experiments, and
numerical calculations. Numerical calculations offer an economical approach with distinct
advantages for studying both the hydrodynamic characteristics of floating structures and
the development process of nonlinear wave fields [14,21,22].

This study examines the hydrodynamic characteristics of a floating breakwater sys-
tem intended for the construction of an artificial island in the Baa Atoll, Maldives. The
numerical model was established based on the ANSYS-AQWA software. Initially, three
variations in floating breakwaters were compared in terms of wave attenuation to ascertain
the superiority of the current multi-cylinder floating breakwater over conventional alter-
natives. Subsequently, an examination was conducted to investigate the effects of various
influential factors on the wave transmission coefficient for floating multi-cylinder breakwa-
ter, leading to the formulation of an empirical formula. Furthermore, the calculation of the
mooring force for the floating breakwater was performed, considering different influential
parameters. To facilitate practical implementation in engineering, an empirical formula for
the maximum mooring force was suggested.

2. Establishment and Verification of Numerical Model
2.1. Establishment of Numerical Model

This study utilizes ANSYS-AQWA software [23] to construct a three-dimensional
numerical model for investigating the wave dissipation capabilities and mooring line forces
of a multi-cylinder floating breakwater. ANSYS AQWA is a widely acknowledged software
tool for analyzing wave structure interactions based on the potential flow theory, which is
commonly employed in hydrodynamic research on large floating structures [21,24,25]. The
velocity potential is governed by the Laplace equation:

∂2ϕ

∂x2 +
∂2ϕ

∂y2 +
∂2ϕ

∂z2 = 0 (1)

where ϕ is the velocity’s potential function and x, y, z are the three coordinate axis directions,
respectively. The boundary conditions of the equation are as follows:

(i) At the seabed (z = −d),

∂ϕ

∂z
= 0 (2)

(ii) For the free surface (z = 0),

∂2ϕ

∂t2 + g
∂ϕ

∂z
= 0 (3)

where t is time, g is the acceleration of gravity, and the value is g = 9.81 m/s2;

(iii) For the immersed surface of the object,

∂ϕ

∂n
=

6

∑
j=1

vj f j(x, y, z) (4)

where n is the direction vector; f j is the velocity potential on the jth degree of freedom; and
vi is the motion speed on the jth degree of freedom.
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The modeling process involves several steps. Initially, the three-dimensional structure
of the floating breakwater is created using AutoCAD and saved as a CAD Igs file. Subse-
quently, the file is imported into AQWA. The model is then shelled, and the waterline is
cut. Additionally, the seawater density, water depth, center of gravity position, and inertia
moment are determined based on the hydrogeological characteristics of the structure. The
anchor chains are arranged in parallel, aligning with the direction of the incident wave. One
end of the chains is secured to the exterior of the breakwater, while the other end is fixed to
the seabed. Next, the pertinent parameters of the anchor chain, such as its characteristics,
length, stiffness, diameter, and mooring state, are established. For the purposes of this
study, it is assumed that the wave passes through the breakwater in a direction perpendicu-
lar to it, disregarding any incident waves from other directions within the actual area. The
calculation procedure encompasses both radiation diffraction analysis and balance analysis.
Once the stiffness matrix of the anchor chain is acquired using post-processing software,
the subsequent step involves conducting a second radiation diffraction analysis to derive
the contour fields of the wave amplitude surrounding the floating breakwater.

The evaluation of the wave attenuation performance of the floating breakwater is
typically conducted through the utilization of the wave transmission coefficient Kt:

Kt = Ht/Hi (5)

where Ht is the transmission wave height, and Hi is the incident wave height. A decreased
transmission coefficient signifies a more effective wave attenuation performance.

2.2. Verifications of Numerical Model
2.2.1. Modeling of Double-Box Floating Breakwater

Xu et al. [26] investigated the hydrodynamic forces associated with a double-box
floating breakwater through experiments. The floating box had dimensions of 0.3 m in
length, 0.15 m in width, 0.06 m in height, and a draft of 0.042 m. The front and rear
boxes were of equal size, with a spacing of 0.03 m between them. The regular wave was
perpendicular to the longitudinal axis of the square boxes. A tensioned anchor chain system
was implemented, with the top of the anchor chains affixed to each side of the floating
boxes while the bottom end of the anchor chain was fastened to the seabed. The cable was
composed of steel and possessed a rigidity of 1.5 × 106 N/m. A numerical model with
three-dimensional characteristics, duplicating the dimensions and wave elements of the
experimental model, was developed to effectively simulate the hydrodynamic behavior of
double-row floating breakwaters.

Figure 1 illustrates the variation in the transmission coefficient in relation to the wave
period, specifically at water depths of 0.20 m and 0.25 m. In general, the numerical results
exhibit a similar trend and closely align with the experimental results.
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Figure 1. Comparisons of transmission coefficient related to the wave period between numerical and
experimental results: (a) d = 0.20 m; (b) d = 0.25 m; Xu et al. (2017) [26].
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2.2.2. Modeling of Multi-Cylinder Floating Breakwater

Qiu et al. [17] conducted an experimental investigation on the efficacy of a horizontal
multi-cylinder floating breakwater, as depicted in Figure 2a. The primary function of the
submerged large cylinder was wave reflection, while the two smaller cylinders, positioned
tangentially to the large cylinder and exposed above the water’s surface, were intended to
disrupt the waves and achieve wave attenuation. The dimensions of the large cylinder were
measured to be 0.5 m in diameter, while the two smaller cylinders exhibited a diameter of
0.08 m. Additionally, the breakwater’s length was determined to be 3.5 m, the water depth
measured at 1.5 m, the wave height reached 0.09 m, and the wave period ranged from 1.27 s
to 2.54 s. A three-dimensional numerical model was constructed, replicating the dimensions
and wave components of the experimental model as depicted in Figure 2b. This model
was employed to evaluate the wave dissipation characteristics of the floating breakwater
under regular wave conditions. Subsequently, the numerical model was validated through
comparisons with the data obtained from the physical model.
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Figure 3 depicts the variation in the transmission coefficient of the breakwater as a
function of the wave period, considering wave heights of Hi = 0.09 m and 0.15 m. The
numerical model’s findings exhibit a high level of concurrence with the experimental
results. Overall, the numerical outcomes demonstrate consistency with the experimental
data, with the discrepancy falling within an acceptable range.
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Figure 3. Comparisons of transmission coefficients related to the wave period between experimental
and numerical results: (a) Hi = 0.09 m; (b) Hi = 0.15 m; Qiu (2017) [17].

In this section, the authors conduct a three-dimensional numerical simulation of flexi-
ble cylinder floating breakwaters and double-row floating breakwaters and subsequently
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compare the results with experimental data. Taking into account the various factors that
may affect the test model, the numerical calculations demonstrate a strong concurrence
with the physical experimental results. This suggests that the numerical model employed
in this study exhibits a high level of accuracy in investigating the transmission coefficient
and wave dissipation capacity of breakwaters for the artificial floating island.

3. Comparisons among Floating Breakwaters with Different Cross-Sections

This section seeks to perform a comparative analysis of the wave dissipation capacity
of three distinct floating breakwaters, each characterized by a different cross-sectional de-
sign, as a shielding scheme for the artificial floating island. The three floating breakwaters
under consideration include the following: (a) the horizontal multi-cylinder configuration
(Figure 1b); (b) the single-cylinder configuration (Figure 4a); and (c) the square pontoon
configuration (Figure 4b). The section area of the breakwater for three floating breakwaters
remains constant at approximately 81 m2. The dimensions of each cross-section configu-
ration are as follows: (a) the large cylinder possesses a diameter of 9.6 m, while the two
small cylinders have a diameter of 2.4 m each; (b) the section is circular with a diameter
of 10.2 m; and (c) the section is square, with each side measuring 9.0 m. Each floating
breakwater has a total length of 100 m and is secured by four mooring chains, with two
mooring chains positioned upstream and downstream, respectively. The mooring chains
are made of steel and possess a rigidity of 2.33 × 108 N/m, while the spacing between
them is 80 m. The lower end of the mooring chain is firmly attached to the sea’s bottom
and is positioned 100 m horizontally from the breakwater. The incident wave height ranges
from 1.5 to 3.5 m with a period of 6.0 s. The water depth is measured at 50 m, and the wave
incidence direction is perpendicular to the long side of the breakwater.
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Figure 5 illustrates the wave clouds encompassing the breakwaters of three different
cross-sections, with the wave propagating in a left-to-right direction. The incident wave
height and period are set as Hi = 4.0 m and T = 6.0 s, respectively. The combination of
the incident wave and the reflected wave leads to an increased wave amplitude in the
front of the breakwater, while the wave height behind the breakwater is dissipated to some
extent. The wave height in front of the multi-cylinder breakwater (Figure 5c) exhibits a
greater magnitude compared to the other two breakwater types owing to its deeper draft.
Additionally, wave breaking transpires in the vicinity of smaller cylinders situated closer to
the water’s surface. Both of these factors contribute to the lowest wave height behind the
multi-cylinder breakwater.

Figure 6 illustrates the variation in the transmission coefficient as a function of the
incident wave height for three distinct breakwater section types, thereby facilitating com-
parative analysis of the wave dissipation capabilities of various floating breakwaters.
Generally, it can be observed that the transmission coefficient of the breakwater exhibits
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a linear relationship with the increment in incident wave height. It can be seen that the
wave height of the incident wave has a great impact on the wave dissipation capacity of
the breakwater. Under the same cross-sectional area, the transmission coefficient of the
floating square box breakwater is 0.4~0.9, that of the single-cylinder breakwater is 0.3~0.8,
and that of the multi-cylinder breakwater is 0.2~0.7. The transmission coefficient of a multi-
cylinder breakwater is observed to be 0.3 lower than that of a pontoon breakwater and 0.1
lower than that of a single-cylinder breakwater when subjected to the same incident wave
height. Consequently, it can be concluded that a horizontal multi-cylinder breakwater with
equivalent volume exhibits superior wave dissipation capacity. Therefore, the utilization of
the shielding scheme for the artificial floating island suggests that the current horizontal
multi-cylinder floating breakwater may serve as the most advantageous choice.
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Dai et al. (2018) [2] conducted a comprehensive review of floating breakwater, gather-
ing data from multiple sources. The present study specifically compares the transmission
coefficients of various types of floating breakwaters, as reported by Dai et al. (2018) [2]. Exper-
imental data from Ikeno et al. (1988) [27], Murali and Mani (1997) [28], Uzaki et al. (2011) [29],
Mani (2014) [30], and Ji et al. (2016) [21] were utilized and summarized in Table 1. The numeri-
cal results of both the single-box and multi-buoy-type breakwaters from the present numerical
model are presented for comparative analysis. In these comparisons, the primary control
parameter selected is the ratio of the breakwater width to wavelength (B/L), with values
closely clustered between 0.16 and 0.21. Additionally, the ratios of water depth to wavelength
(d/L) and wave height to wavelength (H/L) are provided for each case as a reference. In
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general, the transmission coefficient ranges from 0.46 to 0.92. The transmission coefficient of
the single-box type in this study closely aligns with that reported by Ikeno et al. (1988) [27],
supporting the validity of the current model. Floating breakwaters can typically be categorized
into three levels based on their transmission coefficients. The multi-buoy floating breakwater
in this study falls within the middle level with a transmission coefficient of 0.66, which is
similar to the two pontoon types examined by Ikeno et al. (1988) [27]. The Y-frame with the
pipe (Mani, 2014) [29] and cage type (Murali and Mani, 1997) [28] configurations of floating
breakwaters exhibit superior wave dissipation performance, attributed to their deep draft in
the water. By contrast, other types of floating breakwaters demonstrate high transmission
coefficients exceeding 0.86. The current multi-buoy floating breakwater displays a lower
transmission coefficient compared to the majority of floating breakwaters detailed in Table 1.

J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW 9 of 23 
 

 

 

 
Figure 6. Comparisons of wave transmission coefficients between different types of floating break-
waters. 

Dai et al. (2018) [2] conducted a comprehensive review of floating breakwater, gath-
ering data from multiple sources. The present study specifically compares the transmis-
sion coefficients of various types of floating breakwaters, as reported by Dai et al. (2018) 
[2]. Experimental data from Ikeno et al. (1988) [27], Murali and Mani (1997) [28], Uzaki et 
al. (2011) [29], Mani (2014) [30], and Ji et al. (2016) [21] were utilized and summarized in 
Table 1. The numerical results of both the single-box and multi-buoy-type breakwaters 
from the present numerical model are presented for comparative analysis. In these com-
parisons, the primary control parameter selected is the ratio of the breakwater width to 
wavelength (B/L), with values closely clustered between 0.16 and 0.21. Additionally, the 
ratios of water depth to wavelength (d/L) and wave height to wavelength (H/L) are pro-
vided for each case as a reference. In general, the transmission coefficient ranges from 0.46 
to 0.92. The transmission coefficient of the single-box type in this study closely aligns with 
that reported by Ikeno et al. (1988) [27], supporting the validity of the current model. 
Floating breakwaters can typically be categorized into three levels based on their trans-
mission coefficients. The multi-buoy floating breakwater in this study falls within the mid-
dle level with a transmission coefficient of 0.66, which is similar to the two pontoon types 
examined by Ikeno et al. (1988) [27]. The Y-frame with the pipe (Mani, 2014) [29] and cage 
type (Murali and Mani, 1997) [28] configurations of floating breakwaters exhibit superior 
wave dissipation performance, attributed to their deep draft in the water. By contrast, 
other types of floating breakwaters demonstrate high transmission coefficients exceeding 
0.86. The current multi-buoy floating breakwater displays a lower transmission coefficient 
compared to the majority of floating breakwaters detailed in Table 1. 

Table 1. Comparisons of transmission coefficients in various types of floating breakwaters. 

Floating Breakwater Type Reference d/L H/L B/L Kt 
Two pontoon types Ikeno et al. (1988) [27] 0.33 0.02 0.19 0.68 
Single-box type Ikeno et al. (1988) [27] 0.33 0.02 0.19 0.88 
Y-frame without pipe Mani (2014) [30] 0.16 0.01 0.17 0.92 
Y-frame with pipe Mani (2014) [30] 0.46 0.10 0.17 0.46 
Cage type Murali & Mani (1997) [28] 0.46 0.10 0.19 0.50 
Box type with steel truss  Uzaki et al. (2011) [29] 0.14 0.03 0.21 0.91 
Porous breakwater Ji et al. (2016) [21] 0.38 0.06 0.19 0.86 
Mesh cage breakwater Ji et al. (2016) [21] 0.38 0.06 0.19 0.88 
Single-box type Present study 0.89 0.06 0.16 0.86 
Multi-buoy type Present study 0.89 0.06 0.17 0.66 

1 2 3 4
0.0

0.2

0.4

0.6

0.8

1.0

 Rectangular box
 Circular cylinder
 Multi-buoys

K t

T (s)

Figure 6. Comparisons of wave transmission coefficients between different types of floating breakwaters.

Table 1. Comparisons of transmission coefficients in various types of floating breakwaters.

Floating Breakwater Type Reference d/L H/L B/L Kt

Two pontoon types Ikeno et al. (1988) [27] 0.33 0.02 0.19 0.68
Single-box type Ikeno et al. (1988) [27] 0.33 0.02 0.19 0.88
Y-frame without pipe Mani (2014) [30] 0.16 0.01 0.17 0.92
Y-frame with pipe Mani (2014) [30] 0.46 0.10 0.17 0.46
Cage type Murali & Mani (1997) [28] 0.46 0.10 0.19 0.50
Box type with steel truss Uzaki et al. (2011) [29] 0.14 0.03 0.21 0.91
Porous breakwater Ji et al. (2016) [21] 0.38 0.06 0.19 0.86
Mesh cage breakwater Ji et al. (2016) [21] 0.38 0.06 0.19 0.88
Single-box type Present study 0.89 0.06 0.16 0.86
Multi-buoy type Present study 0.89 0.06 0.17 0.66

4. Analysis of Wave Dissipation Capacity of Multi-Cylinder Floating Breakwater
4.1. Effects of Influential Factors on Wave Transmission Coefficient

The three-dimensional numerical model is employed to simulate the behavior of a
horizontal multi-cylinder floating breakwater with the mooring chains. The effects of the
influential factors, including the large cylinder diameter (D2), small cylinder diameter (D1),
small cylinder position (α), incident wave period (T), and incident wave height (Hi) on the
transmission coefficient, are investigated.

Figure 7 shows a series of numerical results for the wave cloud around the floating
breakwater with different values of the large cylinder diameter (D1). Figure 8 shows the
wave height extracted along the centerline of the breakwater in the perpendicular direction.
The wave height is taken from 175 m in front of and 175 m behind the breakwater, with the
location of the breakwater at x = 0 m. It can be observed that the wave heights in front of
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and behind the breakwater have different values. Then, the averaged wave height behind
the breakwater is utilized to calculate the wave transmission coefficient.
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4.1.1. Effect of Large Cylinder Diameter

The large cylinder diameter takes the value of D1 = 5.0 m~12.0 m while other parame-
ters are D2 = 1.8 m, α = 45◦, T = 6.0 s, and Hi = 2.0 m and the water depth is d = 50 m. The
numerical results of wave clouds around the floating breakwater are shown in Figure 7.
The wave elevations along the centerline of the floating breakwater in wave propagation
directions are shown in Figure 8. The transmission coefficients are calculated from the
wave elevations behind the floating breakwater. As shown in Figure 9a, the transmission
coefficient of the large cylinder decreases as its diameter increases due to the increased
reflection of wave energy by the larger diameter. Simultaneously, the presence of the
breakwater reduces the passage of diffracted waves through its bottom, thereby enhancing
the wave dissipation capacity of the large-diameter multi-cylinder floating breakwater.
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Figure 9. Effects of influential factors on the transmission coefficient of the floating breakwater:
(a) large cylinder diameter; (b) small cylinder diameter; (c) position angle of the small cylinder;
(d) incident wave period; and (e) incident wave height.

4.1.2. Effect of Small Cylinder Diameter

The diameter of the small cylinder (D2) ranges from 1.0 to 2.0 m. The remaining
parameters of the cylinder breakwater, namely D1 = 10.0 m, α = 45◦, T = 6.0 s, Hi = 2.0 m,
and d = 50 m, remain constant. Figure 9b illustrates the correlation between the transmission
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coefficient of the breakwater and the diameter of the small cylinder. The transmission
coefficient exhibits an overall range of 0.3 to 0.6 and diminishes with an increase in the
small cylinder’s diameter. This phenomenon arises due to the unaltered diameter of the
large cylinder, whereby an enlarged small cylinder diameter permits a greater passage of
wave energy beneath the large cylinder, consequently leading to the increased transmission
of wave energy through the breakwater.

4.1.3. Effect of the Angular Position of Small Cylinder

The analysis focuses on the impact of the angular position between two small cylinders.
Specifically, the value of α is set to range from 30◦ to 90◦ while keeping the other parameters
constant as follows: D2 = 1.8 m, D1 = 10.0 m, T = 6.0 s, Hi = 2.0 m, and d = 50 m. Figure 9c
illustrates the correlation between the transmission coefficient and the variation in the
angular position between the two small cylinders. It is evident that the transmission
coefficient exhibits a distribution ranging from 0.3 to 0.6, and it tends to decrease as the
central angle increases. This phenomenon can be attributed to the increased distance
between the two small cylinders as the central angle expands, leading to wave interference
and disruption between the small cylinders. Simultaneously, there is a gradual decrease
in the height of the small cylinders, accompanied by an increase in the draft of the small
cylinders. As a result, the angular position changes from 30◦ to 90◦, leading to the gradual
strengthening of the breakwater’s wave dissipation capacity.

4.1.4. Effect of Incident Wave Period

The range of the incident wave period is 4.0 s to 8.0 s, while the remaining parameters,
including D1 = 10.0 m, D2 = 1.8 m, Hi = 2.0 m, α = 45◦, and d = 50 m, remain constant.
Figure 9d illustrates the relationship between the transmission coefficient and the incident
wave period. The transmission coefficient generally varies between 0.2 and 0.9, indicating
that the incident wave period significantly influences the transmission coefficient. Moreover,
the transmission coefficient exhibits a gradual increase as the incident wave period increases.
The reduction effect of the breakwater on the long wave is less clear than that of the short
wave for the following three reasons: (i) the long-period incident wave has the ability to
pass beneath the breakwater, resulting in a portion of its energy remaining unconsumed
by the breakwater; (ii) when the long-period incident wave encounters the breakwater,
it induces a vigorous motion response, causing significant agitation and subsequently
elevating the wave height behind the breakwater; (iii) the breakwater’s ability to dissipate
long-wave energy is relatively limited compared to its effectiveness for short waves; (iv) the
wave overtopping induced by long-period waves surpasses that of short-period waves,
thereby facilitating the infiltration of certain waves beyond the breakwater and into the
protected region.

4.1.5. Effect of Incident Wave Height

The incident wave height, Hi, was changed from 1.5 m to 3.5 m while keeping the
other parameters constant as follows: D1 = 10.0 m, D2 = 1.8 m, α = 45◦, and d = 50 m.
Figure 9e illustrates the relationship between the transmission coefficient of the breakwater
and the incident wave height. The transmission coefficient exhibits a clear range between
0.3 and 0.9, signifying a notable correlation with the incident wave height. As the incident
wave height increases, the transmission coefficient gradually rises. This phenomenon can
be attributed to the overtopping caused by certain waves surpassing the breakwater and
entering the protected area behind it, consequently augmenting the energy of the waves
that traverse the breakwater. Consequently, the transmission coefficient of the breakwater
exhibits an increase.

4.2. Empirical Formula

Based on the numerical results, the wave transmission coefficient Kt of the multi-
cylinder floating breakwater is determined for different influential factors. To establish an
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empirical formula, the fitting process employs the multivariate linear regression method,
resulting in the derivation of the following formula.

According to the dimension analysis, the transmission coefficient is dependent on four
dimensionless parameters, i.e., the ratio of the diameter of the larger cylinder to that of the
smaller cylinder (D1/D2), the angular position of the smaller cylinders (α/360◦), the ratio
of the wave period to the natural period (T/T0), and the ratio of the wave height to the
water depth (Hi/d). Consequently, a correlation between the transmission coefficient and
the aforementioned parameters is established as follows:

Kt = f
(

D1

D2
,

α

360◦
,

T
T0

,
Hi
d

)
(6)

Given the assumption that the transmission coefficient varies with each parameter
variable in a power function, the functional correlation between the transmission coefficient
and the four dimensionless parameters is established as a nonlinear multiplication model,
as depicted in the subsequent formula:

Kt = β

(
D1

D2

)a( α

360◦
)b

(
T
T0

)c(Hi
d

)d
(7)

By applying the natural logarithm, the following formula is obtained:

ln Kt = ln β + a ln
(

D1

D2

)
+ b ln

( α

360◦
)
+ c

(
T
T0

)
+ d

(
Hi
d

)
(8)

Based on the numerical results, the relationship between the transmission coefficient
and influential parameters can be curve-fitted as follows:

Kt = 0.217
(

D1

D2

)0.717( α

360◦
)−0.691

(
T
T0

)1.063(Hi
d

)1.550
(9)

The application range for the aforementioned formula is defined by the following con-
ditions: 5 ≤ D1/D2 ≤ 10, 0.13 ≤ α/360◦ ≤ 0.25, 0.33 ≤ T/T0 ≤ 0.67, and 0.30 ≤ Hi/d ≤ 0.70.
The correlation coefficient, R = 0.882 (as illustrated in Figure 10), suggests a robust correla-
tion between the transmission coefficient and the four dimensionless parameters, enabling
the accurate prediction of the transmission coefficient of the present multi-cylinder float-
ing breakwater.
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Figure 10. Correlation analysis between the empirical and numerical results of the wave transmis-
sion coefficient (5.0 m ≤ D1 ≤ 12.0 m; 1.0 m ≤ D2 ≤ 2.0 m; 30◦ ≤ α ≤ 90◦; 1.5m ≤ H ≤ 3.5 m;
4.0 s ≤ T ≤ 8.0 s).
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5. Analysis of Total Mooring Force of Multi-Cylinder Floating Breakwater
5.1. Effects of Influential Parameters of Mooring Chain Force

The three-dimensional numerical model was employed to investigate the force char-
acteristic of the mooring chains utilized for fixing the multi-cylinder floating breakwater
under different environmental conditions. The multi-cylinder floating breakwater em-
ployed in this study was affixed by two pairs of anchor chains that were symmetrically
distributed on both sides. The arrangement of the mooring chains can be referred to in
Figure 2b.

Due to the complex interactions between the floating breakwater and mooring lines
under wind, current, and waves, time domain analyses were conducted to calculate the
mooring line force, similar to those adopted by Ji et al. (2016) [21] and Zou et al. (2023) [25].
In the current research, response amplitude operators (RAOs) were initially obtained
through diffraction analysis in the frequency domain. Subsequently, the results from
the diffraction module were utilized as input in the hydrodynamic response module to
compute the responses of the floating breakwater and mooring line forces in the time
domain. In this study, regular waves were utilized to calculate the maximum mooring
line force, as demonstrated in previous research conducted by Xu et al. (2016) [31] and
Yang et al. (2021) [32], because the trend of the mooring tension under regular waves is
more distinct and facilitates the analysis of general characteristics. The influential factors
considered in this study included wind speed (V), current velocity (u), incident wave height
(Hi), incident wave period (T), and water depth (d). The configuration parameters for the
multi-cylinder floating breakwater were set as follows: D1 = 12.0 m, D2 = 2.0 m, α = 60◦,
and were determined based on the minimum wave transmission coefficient according to
the local design wave parameter.

5.1.1. Effect of Wind Speed

The range of wind speed is set V = 15 m/s~55 m/s, and the other parameters are
constant as follows: u = 1.0 m/s, Hi = 4.6 m, T = 7.6 s, d = 50 m. The forces on each individual
mooring chain are determined using a numerical model, taking into account the specific
environmental conditions. The total mooring force is then calculated as the sum of these
four mooring chain forces in a time series. Then, the relationship between the maximum
total mooring force and the wind speed is obtained, as shown in Figure 11a. Based on the
depicted relationship, it can be deduced that the maximum total mooring force exhibits a
positive correlation with wind speed, wherein the force increases with the increasing wind
speed. Specifically, within the wind speed range of V = 15 m/s to V = 55 m/s, the maximum
total mooring force experiences a modest increase from 1.854 × 107 N to 1.859 × 107 N.

The amplification of wind velocity results in an augmented exertion of force on the
mooring chain. Nevertheless, owing to the limited exposure height of the multi-cylinder
breakwater above the sea’s surface, the windward region of the breakwater is relatively
small, thereby minimizing the influence of wind velocity fluctuations on the total maximum
mooring force. This suggests that the wind force does not hold significant importance in
determining the total mooring force of the floating breakwater.



J. Mar. Sci. Eng. 2024, 12, 449 15 of 19

J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW 18 of 23 
 

 

5.1.1. Effect of Wind Speed 
The range of wind speed is set V = 15 m/s~55 m/s, and the other parameters are con-

stant as follows: u = 1.0 m/s, Hi = 4.6 m, T = 7.6 s, d = 50 m. The forces on each individual 
mooring chain are determined using a numerical model, taking into account the specific 
environmental conditions. The total mooring force is then calculated as the sum of these 
four mooring chain forces in a time series. Then, the relationship between the maximum 
total mooring force and the wind speed is obtained, as shown in Figure 11a. Based on the 
depicted relationship, it can be deduced that the maximum total mooring force exhibits a 
positive correlation with wind speed, wherein the force increases with the increasing wind 
speed. Specifically, within the wind speed range of V = 15 m/s to V = 55 m/s, the maximum 
total mooring force experiences a modest increase from 1.854 × 107 N to 1.859 × 107 N. 

The amplification of wind velocity results in an augmented exertion of force on the 
mooring chain. Nevertheless, owing to the limited exposure height of the multi-cylinder 
breakwater above the sea’s surface, the windward region of the breakwater is relatively 
small, thereby minimizing the influence of wind velocity fluctuations on the total maxi-
mum mooring force. This suggests that the wind force does not hold significant im-
portance in determining the total mooring force of the floating breakwater. 

   
(a) (b) 

   
(c) (d) 

 
(e) 

10 20 30 40 50 60
18,500

18,520

18,540

18,560

18,580

18,600

 Numerical results
 Fitted curve

F 
(K

N
)

V (m/s)
0.0 0.5 1.0 1.5 2.0 2.5 3.0

18,000

18,500

19,000

19,500

20,000

 Numerical results
 Fitted curve

F 
(K

N
)

u (m/s)

0 2 4 6
18,000

18,200

18,400

18,600

18,800

19,000

 Numerical results
 Fitted curve

F 
(K

N
)

H (m)
6 7 8 9 10

18,000

18,500

19,000

19,500

20,000

 Numerical results
 Fitted curve

F 
(K

N
)

T (s)

20 30 40 50 60 70 80
14,000

16,000

18,000

20,000

22,000

 Numerical results
 Fitted curve

F 
(K

N
)

d (m)

Figure 11. Effects of main factors on the mooring chain forces: (a) wind speed, (b) current velocity,
(c) incident wave period, (d) incident wave height, and (e) water depth.

5.1.2. Effect of Current Velocity

This study examines the effect of current velocity on the total mooring force of the
floating breakwater, considering a range of current velocities from u = 0.5 m/s to 2.5 m/s.
The remaining parameters, namely V = 35 m/s, Hi = 4.6 m, T = 7.6 s, and d = 50 m remain
constant. Subsequently, the correlation between the maximum total mooring force of the
breakwater and the current velocity is determined based on the numerical results and is
visually represented in Figure 11b.

The maximum total mooring force experiences a slight initial increase followed by a
rapid increase as the current velocity rises. The overall tension demonstrates a positive cor-
relation with the current velocity. The flow rate increases from u = 0.5 m/s to u = 2.5 m/s,
and the total tension of the anchor chain increases from 1.841 × 107 N to 1.983 × 107 N. It in-
dicates that the impact of current velocity on the total mooring force surpasses that of wind
speed. The presence of the breakwater diminishes the current velocity in the area behind
the structure, resulting in enhanced water stability. Consequently, as the current velocity
escalates, the mooring force exerted by the breakwater exhibits a positive correlation.
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5.1.3. Effect of Incident Wave Height

The present study investigates the effect of the incident wave height on the mooring
force in regular waves. The incident wave height (Hi) ranges from 1.0 to 6.0 m, while other
parameters such as velocity (V = 35 m/s), current velocity (u = 1.0 m/s), wave period
(T = 7.6 s), and water depth (d = 50 m) remain constant. Figure 11c displays the relationship
curve between the maximum total mooring force and the incident wave height. It can be
concluded that there is a positive correlation between the maximum total mooring force and
the incident wave height. Specifically, as the incident wave height ranges from Hi = 1.0 m
to Hi = 6.0 m, the maximum total mooring force exhibits an increase from 1.822 × 107 N to
1.881 × 107 N, thereby highlighting the substantial influence of the incident wave height
on the maximum total mooring force.

5.1.4. Effect of Incident Wave Period

The effects of the incident wave period on the maximum total mooring force are
examined within the range of T = 6.5 s to 9.0 s. All other variables remain constant,
including V = 35 m/s, u = 1.0 m/s, Hi = 4.6 m, and d = 50 m. The correlation between
the maximum total mooring force and the incident wave period is determined through
numerical simulations, as depicted in Figure 11d. Generally, there is a positive correlation
between the maximum total mooring force and the incident wave period. Specifically, as
the incident wave period increases from T = 6.5 s to T = 9.0 s, the maximum total mooring
force ranges from 1.845 × 107 N to 1.982 × 107 N, suggesting that the incident wave period
is a significant determinant of the maximum total mooring force.

5.1.5. Effect of Water Depth

The effect of the water depth on the total mooring force of the floating breakwater
is examined under specific wind, wave, and current conditions. The water depth ranges
from d = 30 m to 70 m, while other parameters remain constant as follows: V = 35 m/s,
u = 1.0 m/s, Hi = 4.6 m, T = 7.6 s. The correlation between the maximum total mooring force
and the water depth is obtained based on numerical simulations, as shown in Figure 11e.

As the water depth increases from d = 30 m to d = 70 m, there is a corresponding
change in the maximum total mooring force from 1.612 × 107 N to 1.945 × 107 N. This
observation suggests that water depth is a significant factor influencing the maximum
mooring force. Specifically, the maximum mooring force exhibits an upward trend with
increasing water depth when d ≤ 60 m. However, at larger water depths, the maximum
mooring force remains relatively stable, indicating that the impact of the water depth on the
maximum total mooring force becomes negligible when the water depth reaches a certain
threshold. Due to the increase in the water depth, the angle between the mooring chain and
the horizontal external force has a large value. Thus, there is a need for a large mooring
chain force to balance the external force.

5.2. Empirical Formula

The empirical formula is obtained with the multivariate linear regression method
based on numerical results. The influential factors investigated in this study include wind
speed (V), velocity (u), incident wave height (Hi), incident wave period (T), and water
depth (d).

Based on the dimension analysis, the dimensionless influential parameters are chosen
as follows: the ratio of the maximum mooring force to the bearing force of the mooring
chain (F/Fmax), the ratio of the wind speed to the one hundred years return value (V/V100),
the ratio of the current velocity to the velocity of the foundation current (u/u0), the ratio of
incident wave height to the large cylinder diameter (H/D1), the ratio of the incident wave
period to the natural period of the floating breakwater structure (T/T0), and the ratio of
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water depth to the diameter of the large cylinder (d/D1). The relationship between the
dimensionless total mooring force and the influential parameters is expressed as follows:

F
Fmax

= f
(

V
V100

,
v
v0

,
H
D1

,
T
T0

,
d

D1

)
(10)

where Fmax = 400,000,000 N, V100 = 35 m/s, u = 1.0 m/s, D1 = 12.0 m, and T0 = 9.6 s.
Assuming the application of a power law, the relationship stated in Equation (10) can be
further expressed as:

F
Fmax

= β

(
V

V100

)a( v
v0

)b( H
D1

)c( T
T0

)d( d
D1

)e
(11)

By taking the natural logarithm of the equation in reference to Equation (11) and
employing the linear form of multivariate variables, the subsequent equation can be derived
as follows:

ln
(

F
Fmax

)
= ln β + a ln

(
V

V100

)
+ b ln

(
v
v0

)
+ c ln

(
H
D1

)
+ d ln

(
T
T0

)
+ e ln

(
d

D1

)
(12)

Linear regression analysis is conducted on the data obtained from the numerical
simulation in order to determine the coefficients associated with each influencing fac-
tor in Equation (12), while the coefficients in Equation (11) can be obtained using the
following approach:

F
Fmax

= 0.033205
(

V
V100

)0.005945( v
v0

)0.03678( H
D1

)0.019688( T
T0

)−0.13588( d
D1

)0.232927
(13)

The application range for the aforementioned formula is defined by the following
conditions: 0.43 ≤ V/V100 ≤ 1.5, 0.5 ≤ u/u0 ≤ 2.5, 0.083 ≤ H/D1 ≤ 0.5, 0.67 ≤ T/T0 ≤
0.94, 2.5 ≤ d/D1 ≤ 5.83. The correlation analysis of the predicted and numerical results
is conducted, and the correlation coefficient is R = 0.913, with FE and FN denoting the
predicted value and numerical results of the maximum total mooring force. The proposed
empirical formula can be used to predict the total mooring force of the floating breakwater
in practical engineering. See Figure 12.
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6. Conclusions

This paper presents the establishment of a three-dimensional numerical model, utiliz-
ing ANSYS AQWA software to analyze the hydrodynamic characteristics of a multi-cylinder
floating breakwater. The investigation focuses on the wave transmission coefficient and
total mooring force of the floating breakwater, aiming to inform the design of a shielding
scheme for a floating artificial island.

Initially, three unique floating breakwaters with different cross-sectional designs,
namely the horizontal multi-cylinder configuration, the single-cylinder configuration,
and the square pontoon configuration were examined to assess their wave dissipation
capabilities. The numerical results indicate that the horizontal multi-cylinder floating
breakwater demonstrates a superior capacity for wave dissipation compared to the other
two configurations. Hence, the implementation of a horizontal multi-cylinder floating
breakwater could be considered the most advantageous option for the protective shielding
strategy of the artificial floating island.

Subsequently, this study examined the effects of influential parameters, including a
large cylinder diameter, a small cylinder diameter, the angular position of the small cylinder,
and the height and period of the incident wave, on the wave transmission coefficient. In
general, the wave transmission coefficient exhibited a decline as the large cylinder diameter,
the small cylinder diameter, and the angular position of the small cylinder increased, while
it demonstrated an increase with the increase in the incident wave height and period. An
empirical formula for the wave transmission coefficient was derived from the numerical
results, with the intention of facilitating its application in engineering.

Finally, this study examined the effects of influential parameters, such as wind speed,
current velocity, incident wave height and period, and water depth, on the maximum total
mooring force. It was generally observed that the maximum mooring force of the float-
ing breakwater exhibited an upward trend as the aforementioned influential parameters
increased. An empirical formula of the maximum total mooring force was also proposed
for engineering applications. It is noted that the fatigue life of the mooring line is also a
crucial consideration in practical engineering design. Our forthcoming research entails
a comprehensive investigation of this aspect in irregular wave conditions through time
domain analyses.
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