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Abstract: The floating breakwater is a protective structure that can absorb waves and can be used
effectively in coastal areas with moderate wave environmental conditions. The stability of the floating
breakwater is affected by the tension of the mooring line and the weight of the anchor. This research was
conducted experimentally with a model scale of 1:10 on a floating breakwater with mooring systems
and concrete anchor blocks with three types of configurations. The experiment was carried out on
irregular waves with the following variations: wave height and period, mooring angle, structure width,
and anchor weight. The results of this study indicate that at a wave steepness of 0.02-0.025 floating
breakwater, which is installed with a mooring angle of 45 deg, configuration 3 has the largest stability
parameter among other configurations. However, if the structure is installed at a mooring angle of
90 deg and cross, configurations 2 and 3 have almost the same stability. The test results also show
that the relative width will affect the stability parameters. Configuration 3 (B = 30 cm) has the largest
stability-parameter value among other configurations (B = 10 cm and 20 cm).

Keywords: floating breakwater; mooring; concrete block anchor; technology

1. Introduction

Damage to the coastal environment will increase over time, especially coastal abrasion.
Coastal abrasion has reached an alarming level in almost all regions in Indonesia. At least
400 km of the 81,000 km of beaches in Indonesia have been damaged by abrasion. On the
island of Java, 44 percent of the coastline is experiencing abrasion of the total coastline of
745 km [1]. In recent years, the coastline in several areas in Indonesia has narrowed, which
is quite alarming.

Abrasion is the process of beach erosion by scouring seawater, either caused by rising
sea levels or by the destructive power of ocean waves and ocean currents. Abrasion can
cause the shoreline to protrude further inland, resulting in shoreline retreat. Therefore,
constructing coastal structures to maintain the coastline is necessary, with the aim of
protecting the shoreline from the onslaught of waves or by reducing wave energy. One of
the coastal structures that can reduce wave energy is a breakwater structure.

Breakwater is a very effective wave barrier structure to use as a beach protector against
abrasion and coastal erosion by destroying wave energy before it reaches the coast. Recently,
many studies have developed effective wave-retaining coastal structures that can reduce wave
energy and provide positive benefits to both conventional and floating systems. Breakwater is
a wave-retaining structure widely used today for shallow water [2-8]. Coastal protection in
practice will become more complex, requiring engineers to offer solutions friendly to natural,
economic, and social elements in certain areas. Coastal structures designed to protect beaches
can be integrated into various solutions depending on the available space, location, and the
social urgency of their placement [9]. The use of breakwaters, apart from being a coastal
protection structure, has also been developed as a wave-energy generator so that the structure
becomes more effective and efficient [10,11].
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The wave-retaining beach structure has undergone tremendous development. Floating
breakwaters can be an alternative to fixed breakwaters in coastal areas with moderate wave
environmental conditions. Poor soil and environmental conditions, deep sea depths, intense
coastal erosion phenomena, and aesthetic considerations strongly support the application
of this structure [12]. Compared to fixed breakwaters, floating breakwaters have many
advantages, including the fact that the structure can be used in soft-subgrade conditions
and sea depths of more than 10 feet. Floating breakwaters produce minimal interference
with water circulation, sediment transport, and fish migration so that it does not cause
scouring, effectively dampening waves of less than 2 m [13-15]. These structures can also
be moved and rearranged easily with different layouts to other locations [16-18]. However,
floating breakwaters also have disadvantages, including being less effective in reducing
waves for short waves. Practically, the upper limit of the wave period is 6 s with a frequency
of 1.6 radians/second, and if the mooring structure fails, it will lead to disaster [16]. These
structures require high maintenance costs compared to conventional breakwaters [17].

The main principle of the floating breakwater in reducing waves is to use the reflected
wave method and the wave-particle destruction motion. Its ability to reflect and interfere
with waves depends on the surface design, dimensions, shape, and configuration. Floating
breakwater will cause wave diffraction. The wave will break when it hits the structure,
and then the structure will absorb the energy of the wave. The greater the absorbed
wave energy, the higher the intensity of the structural motion. The amount of energy
absorbed is determined by the cross-sectional area of the structure relative to the direction
perpendicular to the incident wave [19-22].

Many researchers have researched floating breakwaters through numerical models
and experimental studies. In the 1970s, more than 60 floating breakwaters were designed
with different configurations [23-25]. Hales [13] reviewed various floating breakwaters and
classified their configurations into eleven categories. Furthermore, McCartney [12] grouped
floating breakwaters based on shape and performance against wave height reduction into
four types: box, mat, pontoon, and tethered. A more general division is described by
PIANC [26], based on two characteristics: (a) reflection and dissipation; and (b) analyzing
four different configurations, namely pontoon, mat, a-frame, and tethered. Reflective
structures will be able to reflect most of the incident waves, but dissipative structures can
cause friction and turbulence to the energy of the incoming waves. Sawaragi [27] separates
floating breakwaters based on the mechanism of wave damping, namely reflection, reflec-
tion and breaking waves, and friction. In a study by Dai et al. [18], floating breakwaters,
based on their shape, are grouped into pontoons, boxes, frames, horizontal plates, tethered
floats, and others.

As a result of this positive effect, various types of floating breakwaters have been
identified. However, the pontoon is the most commonly used type, connected and moored
by cables or chains to the seabed. The tethered floating breakwater must be properly
designed so that the energy transmitted by the wave energy can effectively reduce its
energy. The mooring used must be able to keep this structure in position because floating
breakwaters are floating structures prone to shifting positions. Utilizing mooring system on
floating breakwater must be carried out by taking into account several important aspects,
including the failure of the mooring rope and the floaters and the interconnection between
the mooring and floaters [28].

Meanwhile, the anchoring system must also follow the type of seabed in the area
because the anchor plays an essential role in determining the stability of the floating
breakwater. A suitable anchoring system can hold the floating breakwater in a stable
position when the waves come. A concrete anchor block is one anchor used in the floating
breakwater. The use of concrete as an anchor differs from the many types of steel anchors
available commercially [15]. The use of concrete as an anchor is expected to function
optimally to maintain the stability of the floating breakwater. Concrete anchors are more
economical and easier to manufacture and maintain than steel anchors, and corrosion is
one of the most supportive factors and concerns in choosing concrete as an anchor [29].
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This research was conducted with a physical model test in the wave flume lab. The
model comprises three different configurations of structures and mooring-angle directions.
The test was tested on various variations of height (H) and period (T) of irregular waves
with the Jonswap spectrum. The weight of the anchor is also varied to determine the
optimization of the stability of the floating breakwater. The results of this study will be able
to determine the weight of the anchor block concrete effectively in various configurations
so that the floating breakwater is stable enough to be placed.

1.1. Mooring System

Floating breakwaters can be installed in three ways [12]: (a) an anchor pile system,
where the floating breakwater moves up and down with the tide, but there is no lateral
movement; (b) a concrete mass or anchor system with a mooring line; and (c) a stake
pile and rope system. The floating breakwater with piles is limited to shallow areas or
about 9.1 m depth, with suitable material for pile penetration and sufficient lateral strength.
Generally, the pile is placed under the mud line with a drill to obtain the greatest strength
and prevent damage to the pile made of wood. Piles are suitable for solid foundations
with a water depth of fewer than 15.2 m. Anchors, such as concrete blocks or boat anchors,
can be used at various water depths but work best if the seabed is sand or mud. Concrete
beam anchors work on the principle of soil shear strength developed with a greater load
capacity than concrete beam anchors with the same weight. Based on the research of Cox
and Beach [30], floating breakwaters with pile systems are widely used in Australia because
the anchoring and pile systems require inspection and maintenance costs that are not too
high. However, anchors or posts are suitable options in cases where the water depth is too
large [12].

Types of mooring lines can be used in nylon, chains, steel cables, or a combination
thereof. The mooring lines’ elasticity must be considered to predict the load transferred
to the anchor or pile. Two methods have been proposed to reduce the impact load on the
anchor inserting the tire into the mooring line or by a weight suspended from the line.
This method is intended as a shock absorber. However, the anchoring force will be higher
with the clump weight than without the clump weight. In the rectangular box floating
breakwater project in Puget Sound, Washington, the mooring lines are designed to be either
crossed or not. The advantage of the cross-system is that it can provide additional keel
clearance for vessels moored beside it. If cross lines are used, they must be balanced to
prevent friction. The scope of the mooring line is usually between 3-1 and 5-1, regardless of
the type of anchor.

The safety factor for normal conditions on the anchoring line ranges from 3 to 4 [31],
which is stated in SF = R/S, where R = minimum breaking force; S = force in the line. The
type and configuration of the mooring depend on the magnitude of the horizontal load
received by the structure. The mooring system type is divided into three categories: a wire
rope system, all chain system, and combination chain/wire rope system.

1.2. Concrete Block Anchor

A concrete block is a building material product in the form of a block and is made from
a mixture of cement, water, stone ash, or cast concrete. Concrete blocks are usually known
as paving blocks or bricks. The use of concrete blocks as anchors for floating breakwaters
is now widely used. As an alternative to choosing the type of anchor that uses materials
that are not easily corroded and also as an added stability to the floating breakwater,
concrete block anchors will reduce anchor installation and maintenance costs. Due to
its anti-corrosion properties, it is rare to replace concrete block anchors. Concrete block
anchors have various shapes according to the desired design. In this study, a rectangular
block-shaped design was chosen.
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The anchor weight can be calculated by knowing the maximum tensile stress of the
structure by considering the coefficient of friction to resist the horizontal pull from the
seabed surface. The anchor weight can be calculated by the following equation [29]:

Sgsin @ + pcos @)
Wi
1(1-5)
where W is the weight of the anchor block in the water (kg), og is the weight per unit

volume or specific gravity (kg/m?), it is the coefficient of friction between the anchor and
sea beds (0.5-0.6), Sr is a safety factor, and Ty is mooring tension (N).
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2. Materials and Methods
2.1. Dimensional Analysis

During the experiment in the wave flume, the wave hits the floating breakwater,
resulting in hydrodynamic and frictional forces that affect the anchor as the stability of
the floating breakwater. The variables related to the phenomenon of the stability of the
concrete anchor on the floating breakwater are as follows:

W=g[H T ha B p, g] 2

where W is the weight of concrete anchor (kg), H is the wave height (m), T is the wave
period (sec), h is the water depth (m), « is the angle between the mooring and floating
breakwater (deg), B is the width of floating breakwater (m), p is the density of seawater
(kg/m?), and g is the acceleration due to gravity (m/s?). The dimensional analysis of these
variables is stated in Table 1.

Table 1. Dimensional analysis variables of concrete block anchor.

Symbol Parameter Dimension
H Significant wave height (m) L
T Wave period (sec) T
h Water depth (m) L
o The angle of the mooring (deg) -
B Floating breakwater width (m) L
p Water density (kg/m3) ML 3
g Earth’s gravitational acceleration (m/ det?) LT2
W Anchor weight (kg) M

In this study, the dimensional analysis uses the Buckingham pi theorem, which is
solved by the matrix method. This method selects variables that represent each dimen-
sion as independent and dependent variables so that dimensionless numbers can be ob-
tained [32]. Dimensional analysis for the stability phenomenon of anchor concrete block on
floating breakwater obtained several solutions to dimensionless equations. To solve the
dimensionless weight equation for concrete block anchors in floating breakwaters, where
the weight of the concrete block anchor (W) is directly proportional to the density of water
(p) and wave height (H):

w__[ T hB 5
pH3 - g70/5H0‘5/ ﬁ/ ﬁ/ x ( )
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The solution to the dimensionless period equation is the equation of the wave period
parameter (T) multiplied by the earth’s gravitational acceleration (g) and divided by wave

height (H).
o[ W “
ngrSHO’S - pHSI H/ H/
g [ W h B ©
H | pH® H'H’
o for B oH .
T2 W 'h'B «

The solution to the dimensionless water depth equation is generated by the water
depth parameter (h) against significant wave height (H).
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Meanwhile, the solution to the dimensionless floating breakwater width equation is
the ratio between the width of the floating breakwater (B) to the significant wave height (H).

W gT? h
=g [pl‘ﬁl %/ " CX] (10)

L] =

2.2. Experiment Setup

Scientists and engineers have widely used laboratory wave-flume experiments to
understand coastal environments’ physical processes. Spatial and temporal variations of
water surface elevation, transmission, reflection, wave force, and mooring line tension
are important data frequently observed in this field, mainly measured by traditional
capacitance, conductive, and resistance wave meters [33,34].

In this study, the floating breakwater model was tested on a wave flume
(20 m x 2 m x 2 m) in ocean engineering, ITS, with a scale of 1:10 to determine
the effects on the stability of concrete blocks. Physical-model tests were carried out on
irregular waves with a Jonswap spectrum, with variations in wave height, H (3.5, 4.5, 5.5)
cm, and wave period, T (1.1, 1.3, 1.5) seconds at a constant water depth of 80 cm. Physical-
model tests were undertaken on irregular waves with a Jonswap spectrum. The gamma
factor (y) in this experiment for Indonesian waters was used as 2.0-2.5 [35]. Irregular waves
were generated from one end of the flume, and wave absorbing was placed at the other end
to minimize the reflected waves. The wave movement was controlled simultaneously by a
computer control center equipped with an analog—digital converter interface to convert
analog data from data recorded by the wave probe into digital data (Figure 1). The wave
probe was installed 10.2 m from the floating breakwater (Figure 2).

This floating breakwater model is made of fiberglass with dimensions (10 x 10 x 10) cm
in 3 different types. In the physical model test, the model was arranged in 3 configurations at
mooring angles of 45 deg, 90 deg, and cross-system (Figures 3-5). Concrete anchors on floating
breakwaters were designed with various anchor weight variations of 200 gr, 500 gr, 1000 gr,
and 2000 gr, with a concrete density of 2083.3 gr/cm? (Figure 6). Based on this planned design,
the volume can be known so that the geometry of the anchor structure can be determined, as
shown in Table 2. The weight of the anchor was then calibrated with an electronic balance.
This process was repeated until the anchor weight was the same as the design.
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Computer Control Wave Probe

Figure 1. Experimental equipment in a wave flume.
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Figure 2. Experimental design layout in a wave flume.
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Figure 3. Configuration-1 model floating breakwater.
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Figure 4. Configuration-2 model floating breakwater.
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Figure 5. Configuration-3 model floating breakwater.

Figure 6. Concrete anchor with various designs for testing.

Table 2. The concrete block anchor geometry.

Density of Concrete Weight Volume Length Width Height
(gram/cm?) (gram) (cm®) (cm) (cm) (cm)
200 96.0015 6.7 5.7 25
500 240.0038 6.7 57 6.3
2083.3 1000 4800077 14 12 29
2000 960.0154 14 12 5.7

2.3. Wave Probe Calibration

The calibration was carried out by recording the zero-point position on the wave probe
at several points in calm-water conditions. The first step of the calibration was to place the
tip of the wave probe into the wave flume in calm water conditions until it touched the
water surface so that the control computer will display arbitrary numbers. The average
value is calculated from these arbitrary numbers. The average value will consider as the
point 0. The next step was to repeat the first step but place the wave probe at several depths
from the tip of the wave probe to the surface of the water. The calibration numbers on the
wave probe obtained from this experiment are shown in Figure 7. This process was carried
out before and after the experiment.
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Figure 7. Wave probe calibration.

2.4. Data Analysis

The anchor displacement was analyzed using a plate as a measuring instrument for its
displacement. The plates were painted and lined vertically and horizontally to form a 2 cm
square. The anchor was considered stable if the displacement when tested was no more
than one box contained in the plate (Figure 8). During the experiment, the displacement of
each anchor was recorded by how far it moved. This process was repeated until a constant
and stable anchor weight was obtained by adding the number of anchors at each point. The
movement of the anchor during this experiment was carried out with underwater camera
equipment, then the image obtained was analyzed to observe the movement of the anchor.
This method refers to the experiment that has been conducted [33].

Figure 8. Plates and anchors on physical model test in a wave flume.

Concrete beams are made in various weight variations (Figure 9), thus facilitating the
process of adding weight to the anchors at the anchorage point. For example, a concrete
block weighing 4000 gr may consist of one 2000 g anchor unit and four 500 gr anchor units
(Figure 10). Based on the experiment, the stability of the concrete anchor in all models
is obtained. Furthermore, it is analyzed and searched for the optimal anchor in various
floating breakwater configurations tested.
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Figure 10. Concrete anchor 4000 gr.

3. Result and Discussion
3.1. Effect of Anchor Stability Parameter (W/o H?) on Wave Steepness (H/gT?)

Based on Figure 11 on the floating breakwater configuration type 1, it can be seen that
the mooring angle of 45° has a heavier anchor weight than the mooring, which is installed
crosswise or at an angle of 90°. In the H/gT? range from 0.02-0.025, the maximum value
for W/pH? in the floating breakwater configuration 1 is 0.21, 0.17, and 0.13 with mooring
angles of 45°, cross-system, and 90°, respectively. Configurations 2 and 3 (Figures 12 and 13)
behave similarly to configuration 1. The complete results of the maximum value of W/ pH?3
are shown in Table 3.
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Configuration 1

03
O 45deg
O Cross deg
A 90 deg
0.25
Poly. (45 deg)
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-
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Figure 11. Relationship of W/p H3 to H/gT? in floating breakwater configuration 1.

Configuration 2

03
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025 | A 90 deg
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Figure 12. Relationship of W/p H? to H/gT? in floating breakwater configuration 2.

Configuration 3
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Figure 13. Relationship of W/p H3 to H/gT? in floating breakwater configuration 3.
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Table 3. Maximum values of W/pH? in the range H/ gT2 (0.02-0.025).
Floating Breakwater o =45deg o = Cross o =90deg
Config 1 0.21 0.17 0.13
Config 2 0.23 0.21 0.18
Config 3 0.24 0.20 0.17

It can be concluded that the concrete block anchor for each type of floating breakwater,
which is installed at an angle of 45°, requires a heavier weight of the concrete anchor
compared to the mooring angle, which is installed with a mooring configuration at an angle
of 90° or is installed crosswise.

The results obtained above will certainly depend on the floating breakwater motion.
This means that the greater the motion intensity of the floating breakwater motion, the
greater the mooring line tension [13]. In this study, the effect of the floating breakwater
motion was not studied. The researcher only analyzed the effect of the stability of the
concrete block due to the wave force. The wave force was determined from the variation of
wave height and period in this experiment. Therefore, the design of the floating breakwater
plays a very important role so that it can produce more stable motions. Of course, this will
require a more comprehensive study of various aspects of hydrodynamics.

3.2. Effect of Anchor Stability Parameter (W/p H*) on H/B

The width of the floating breakwater structure will affect the weight of the concrete
anchor. Based on the results of the physical-model test on the wave flume, it can be seen
that the weight of anchor block concrete increases with the increasing width of the floating
breakwater, B (Figure 14). In configuration 1 with B = 10 cm, the maximum value of the
anchor weight dimension parameter W/pH? at a mooring angle of 45 deg is 0.202. This
value will increase as the width of the floating breakwater increases. In configuration 2
(B =20 cm), the anchor weight parameter value increases to 0.238, and the value increases
at configuration 3 (B = 30 cm) by 0.271. The same phenomenon also occurs at the mooring
cross angle and 90 deg. The complete results are shown in Table 4.

03

OConfig.1, 45 deg
v . Config. 3
X Config.1, Cross deg
AConfig.1, 90 deg g% Confie. 2
0.25 OConfig.2, 45 deg g i
X Config.2, Cross deg § »
AConfig.2, 90 deg o ¥ .
OConfig.3, 45 deg X @X Config. 1
02 X Config.3, Cross deg o X o X - &
4 Config.3, 90 deg O, X A o
(o] X
A o a,
= X & A
2015 oy o £ b
& @@é OO s A
b3 X &
0.1 qﬁ 8
% o o % °
0 X
% O)g A @9 ®
£ 4 2
o] X A 0 Jay
. & 04 o A
0.05 Q%\ &g 0 " Prias
c 07 a8 @‘QPX% A
A A D
N
0
0 0.5 1 1.5 2
H/B

Figure 14. Relationship of W/p H3 to H/B in floating breakwater configurations 1, 2, and 3.
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Table 4. Maximum values of W/pH?> to H/B.
Floating Breakwater o =45deg o = Cross o =90deg
Config 1 0.202 0.187 0.160
Config 2 0.238 0.200 0.207
Config 3 0.271 0.259 0.246

References

4. Conclusions

A series of experiments on the steep-slope floating breakwater model were carried
out with irregular waves in the wave flume. Experiments were carried out with variations
in wave height and period on three configurations of floating breakwater widths. The
floating breakwater is constructed of fiberglass, and the concrete blocks are made of various
weights making it easier to control the stability of the structure.

Analysis of the displacement of the concrete block was observed on the slab, which
was given horizontal and vertical lines. Observations during the experiment using an
underwater camera make it easier to determine the stability of the concrete block. This
stability analysis is only based on the magnitude of the wave force received by the floating
breakwater on the concrete block. The effect of floating breakwater movement due to the
wave is not studied in this study.

In wave steepness (H/gT?) 0.02-0.025, if this steep-slope type of floating breakwater is
installed with a mooring angle of 45 deg, configuration 3 has the largest stability parameter
(W/pH3) among other configurations. However, if the structure is installed at a mooring
angle of 90 deg and cross, configurations 2 and 3 have almost the same stability parameters.
This stability parameter is proportional to the wave height generated by the wave generator.
Therefore, it can be said that this parameter reflects the weight of the concrete block required
to hold the floating breakwater stable.

In each configuration of the steep-slope floating breakwater installed at various angles
of the mooring rope (45 deg, 90 deg, cross), configuration 3 (B = 30 cm) has the largest
stability parameter value among other configurations (B = 10 cm and 20 cm). This means
that the relative width of the structure (H/B) will affect the stability parameters.
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