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Abstract: Coastal erosion, a worldwide social issue, has garnered substantial attention. Numerous
methods have been implemented to control coastal erosion problems; however, the presence of rigid
structures limits erosion mitigation, thereby causing various challenges. For instance, in the case of
submerged breakwaters, local scour in front of the structure and scour caused by the flow occurring
in open inlets affect the subsidence and stability of the structure and can also cause structural failure.
To solve these problems, this paper proposes a hybrid method of using a submerged breakwater with
an artificial coral reef installation; further, this study evaluates the attenuation of waves and mitigation
of sediment transportation through large-scale 3D hydraulic experiments. We found that the hybrid
method with an artificial coral reef installed in the open inlet shows excellent wave control and plays a
clearly beneficial role in the advancement of the shoreline. The artificial coral reef method reduced the
return flow generated by the drag force at the breakwater shoulder and open inlet. In addition, scour
at the breakwater shoulder was inhibited by collecting the sand escaping offshore. Simultaneously,
scour at the open inlet was also mitigated. The application of the hybrid method compensated for
the problems caused by local scour and erosion in the submerged breakwater, thereby leading to the
improvement of its function. Therefore, the hybrid method proposed in this paper was determined
to be applicable not only for submerged breakwaters, but also for various structures for controlling
coastal erosion.

Keywords: submerged breakwater; artificial coral reef; wave attenuation; return flow; coastal erosion

1. Introduction

As a result of global warming and abnormal weather conditions, damage from disasters such as
typhoons, floods, rising sea levels, and tsunamis has increased worldwide [1-3]. The rise in the mean
sea level has increased coastal erosion, and changes in wave direction have resulted in high, swell-like
waves becoming more frequent, which cause shoreline deformation [4-6]. Natural disasters and
artificial factors such as the construction of harbors and fishing ports accelerate coastal erosion, which
prevents sediment transport and finally causes changes in waves and currents [7,8]. Beaches are buffer
zones that protect coasts from the impact of marine physical phenomena such as waves. On beaches,
wave energy dissipation is generated by bottom friction, wave breaking inducement, and permeability,
which significantly reduce run-up, wave overtopping, and flooding. Furthermore, beaches play a
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crucial role in environmental conservation and disaster prevention by providing ecological functions
and waterfront space.

Coastal erosion occurs continually; therefore, rigid structures, including groins, breakwaters,
and submerged breakwaters, have been implemented to reduce wave energy. In addition, hybrid
methods that combine rigid and flexible methods, such as beach nourishment, eco-friendly artificial
vegetation, sand collectors, and beach drainage methods, have become the preferred approach, and
studies on preventing coastal erosion using flexible methods have been actively conducted [9-12].
For instance, Hur et al. [13] performed an experiment to control the flow at an open inlet by developing
a submerged breakwater with a drainage channel to reduce the water-level rise behind the structure.
Oh et al. [14] analyzed the hydraulic stability through a hydraulic experiment using a geotextile tube
to perform monitoring and verification. Kanazawa et al. [15] applied the permeable layer method
to lower the groundwater level; further, they conducted a hydraulic model test to reduce the rapid
erosion caused by high waves and promote beach safety. Tamrin et al. [16] developed a new type of
perforated concrete block showing a similar function to natural coral reefs and artificial reefs to perform
experimental research on the effects of wave attenuation. In addition, various studies on flexible
structures for breakwaters have been actively conducted because of the negative public reaction to rigid
structures. Fatimah et al. [17] compared and verified the energy dissipation dependence on wave height,
wave length, water depth, porosity, and structure width using an artificial mangrove root system.
John et al. [18] interpreted the wave attenuation trends dependent on the cross-sectional characteristics
of artificial vegetation through hydraulic tests. However, most coastal erosion countermeasures
designed and constructed in Korea are gravity structures, which have various issues. For instance,
constructing rigid structures can cause problems such as rapid fluctuations, excessive suspended
sediments, and pollution during construction, thereby leading to secondary changes in the marine
environment, such as restriction of seawater circulation, and changes in water quality and marine
ecosystems [19,20].

To reduce the visual and environmental impacts of these problems, submerged structures were
introduced in the 1980s. Such structures are installed below the water surface, and they perform the
wave energy attenuation and erosion without harming the natural landscape [21-23]. However, waves
generated through open inlets cause localized scour in the front, at the shoulder, and at the outlet of
the submerged breakwater [24,25]. These scour phenomena not only have a significant influence on
the settlement and stability of the structure, but also can inhibit its function [26]. Therefore, alternative
methods for alleviating the problems associated with existing structures are needed. This study focused
on overcoming the limitations arising from erosion at open inlets owing to scour and rip currents
caused by the downdrift generated in submerged breakwaters. To solve the problem of existing
submerged breakwaters, we performed a large-scale 3D hydraulic model experiment. In particular,
this experiment introduced a hybrid method that combines an existing submerged breakwater with an
artificial coral reef. Through movable bed experiments, we analyzed the characteristics of sediment
transport and morphological changes in the bed; further, we evaluated the feasibility of the hybrid
method to determine the role of artificial coral reefs in wave attenuation and prevention of erosion and
scour by analyzing changes in the coastline and flow rate when the hybrid method was applied.

2. Experimental Conditions

2.1. Outline and Composition

The experiment was conducted in a 12 m (W) X 1 m (H) X 30 m (L) section of a large-scale
3D wave flume. The incident wave was simulated using a piston-type wave generator, which can
generate regular waves and irregular waves. A wave absorber, which was formed from an inclined
porous structure to prevent the re-reflection of waves, was installed on the opposite side of the
wave generator. For the stable induction of the experimental wave generated from the wave paddle,
the flume was designed to have no inclination from the wave paddle to 20 m. After 10 m, the flume
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contained 20 cm of gravel at the bottom, 20 cm of non-filtered sand in the middle, and 10 cm of filtered
sand at the top to create a 1/20 slope, as shown in Figure 1a. Sand with an average particle size of
dso = 0.2 mm was used for the top layer, and the grain size accumulation curve is shown in Figure 1b.
The submerged breakwater was installed by staking in the sequence of 8 cm of sand-filled geotextile
at the bottom and 8 cm of dolos at the top of geotextile. The experiment was performed for two
cases, namely one where the submerged breakwater was installed and one where the hybrid method
(i.e., the submerged breakwater with an artificial coral reef) was employed, as shown in Figure 1c,d
respectively. The specifications for the structure installation are shown in Table 1, where B is the
structure width, L is the structure length, H is the structure height, R is the crown depth, and Y is the
offshore distance as shown in Figure 1le. The hydraulic model experiment was conducted for Case 1
with 1.00 m (B) X 0.16 m (H) X 6.00 m (L) of submerged breakwater and for Case 2 with 1.00 m (B) x
0.10 m (H) x 2.00 m (L) of artificial coral reef (Table 1).
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Figure 1. 3D hydraulic experiment composition and structure placement: (a) slope composition,
(b) central particles size of the sand in the upper layer (dsp), (c) plane placement of the submerged
breakwater (Case 1), (d) plane placement of the hybrid method (Case 2), and (e) cross-section scheme
of experimental structure (Case 2).

Table 1. Specification of the 3D hydraulic experiment.

L (m) B (m) H (m) R (m) Y (m)

Submerged breakwater 6.0 1.0 0.16 0.02 2.8
Artificial coral reef 2.0 1.0 0.10 0.04 2.8
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Figure 2 shows the artificial coral reef applied in the hybrid method. The artificial coral reef, which
was developed based on the motif of a coral reef to prevent coastal erosion, entails a flexible construction
method. It has a flexible structure, is constructed from high-density polyethylene, and contributes to
both a reduction in environmental pollution and an aesthetic landscape [27]. The structure is divided
into a wave reduction part and a sand collector part, which reduces the height of incident waves and
collects escaping sand, respectively.
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Figure 2. Artificial coral reef: (a) scheme and (b) function.
2.2. Experimental Conditions

The incident wave condition applied to the hydraulic model experiment selected erosion-type
values for Cg in Equation (1), which was proposed by Sunamura and Horikawa (1974) [28].

0.67
£2 = Co(tanpy [ 2] @
where & is the water depth, Hj is the deep-water wave height, T is wave period, Ly is the deep-water
wave length, tanf is the initial beach slope, and Cs is a dimensionless constant representing the
optimum limit for erosion. In experimental water flume, 8 < Cs means total erosion, and 4 < Cs < 8
means partial erosion or partial sedimentation, and Cs < 4 means total sedimentation. The hydraulic
experiment was conducted for 12 cm (Hp) in the erosion wave condition (Table 2).

Table 2. Experimental wave conditions.

h (cm) Hj (cm) T (s) Lo (m) tan g Cs dso (mm)
32 12 1.3 2 0.05 12.8 0.2

Note, we conducted the experiment using a regular wave.

2.3. Measurement and Analysis

The morphological changes, wave control effect, and wave distribution were investigated for the
conditions in which the submerged breakwater was installed and the conditions in which the hybrid
method was employed (i.e., the submerged breakwater with the artificial coral reef). We measured
a wave height total of 20 points by dividing into the open inlet and area over the structure using a
capacitance-type wave gauge. We measured the flow rate at a total of 15 points by dividing it into the
open inlet, shoulder, and middle of the structure (Figure 3). Furthermore, we qualitatively analyzed
the flow path from the submerged breakwater to the offshore area through the open inlet using a
dye (rthodamine B). This flow was observed via an unmanned aerial vehicle (UAV). Considering the
effect of the initial morphological change, measurements obtained during the morphology change
experiments were divided into 1, 2, 8, 14, and 20 h increments. For quick and accurate measurement of
the morphological changes, a 3D laser scanner (GLS1500) was utilized. Data calibration was conducted
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using the open-source program CloudCompare (Figure 4). The data were matched by tracking the

same shape using the iterative closest point (ICP) algorithm of CloudCompare.
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Figure 3. Measurement locations of the wave gauge and flowmeter.
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Figure 4. Data calibration and analysis.

We conducted an analysis after matching the shapes to each data point (before wave generation
at approximately 20 h) to unify the coordinate system. Noise points and out-of-range points were
prepared by applying the ICP after data calibration. For data validation, we rasterized the volume
change by calculating the volume for a part of the area that had no morphological changes. For the
error in the region that did not change after data verification with the mean and standard deviation,
we analyzed the contour and path profile after confirming that the machine error was within 2 mm

(Figure A1).
3. Results and Discussion

3.1. Wave Distribution Characteristics

Figure 5 shows the wave distribution at the top of the structure when the submerged breakwater
and hybrid method are applied. The horizontal axis represents x/L and the vertical axis represents the
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wave transmission rate (K7). The wave transmission rate is calculated using Equation (2), where H; is
the incident wave height and H’ is the wave height at the measurement point.
124
Kr = 0 @
Figure 5a shows the wave distribution around the structure, and Cases 1 and 2 represent the
conditions under the application of the submerged breakwater and hybrid method, respectively.
The wave transmission rate ranged from 0.4 to 0.5 behind the structure in Cases 1 and 2. In addition,
Case 1 showed a relatively strong wave height at 1.1 of wave transmission rate near 0 cm at the crest of
the structure, which was considered to be an increase in wave height as a result of breaking. Figure 5b
shows the results of the wave distribution at the open inlet. The wave transmission rate was 0.8 in Case
1 and 0.6 in Case 2; this shows clear wave attenuation by the artificial coral reef in the hybrid method.
The artificial coral reef method has a mechanism to attenuate the wave height via energy dissipation
due to the drag force of the bottom surface, unlike the submerged breakwater. In general, the wave
height was relatively high in the open inlet and low behind the structure; therefore, the flow from
the open inlet to the area behind the structure was generated by the radiation stress gradient [29-31].
The radiation stress gradient caused by the differences in the wave height between the open inlet and
area behind the structure was lower in Case 2 than that in Case 1. Therefore, the application of the
hybrid method can effectively reduce longshore and rip currents, thereby resulting in stabilization of
the beach.

1.2} [ —m— caset(ch2) » 1.2} -
#— Case1(ch3)
—&— Case2(ch2) . *—
101 | 5 Caseatch3) pa— 1.0r s =
o8 o8 =/'\ ”f/ =
T T .////J —m— Casef(chl)
o #— Casel(chd)
QO.G g 0.6 = —A— Case2(ch1)
v Case2(chd)
04} 04
wave ‘wave
0.2 «F 0.2} 0 <7
n en
Middle P
0.0 0.0 . . .
-0.9 -0.6 -0.3 0.0 0.3 0.6 0.9 -0.9 -0.6 -0.3 0.0 03 0.6 0.9
x/L x/L

@) (b)

Figure 5. Wave transmission rates by structure type (Case 1: dolos; Case 2: hybrid (dolos with the coral
reef)): (a) wave distribution around the structure and (b) wave distribution at the open inlet.

3.2. Flow Rate Distribution Characteristics

We investigated the wave distribution around the structure, and shows the horizontal flow rate
distribution (Upegtom) at the bottom and its dependence on the structure installation. The average flow
rate was measured by dividing the middle, shoulder, and open inlet parts of the structure. Figure 6¢
shows the flow rate distribution over the middle of the structure. As a result, both Case 1 and Case 2
exhibited a low flow rate distribution, and a flow path was observed that moved toward the shore.
Figure 6b shows the flow rate distribution at the shoulder of the structure. Note that the positive value
means the flow direction of the wave and the negative means the flow direction to the offshore. In Case
1, a strong flow field of up to —18.5 cm/s formed behind the submerged breakwater. This indicated
the occurrence of a strong flow behind the shoulder of the submerged breakwater. However, in Case
2, a relatively low flow of —3.77 cm/s occurred behind the structure. Figure 6a shows the flow rate
distribution at the open inlet, which exhibited a strong return flow behind the structure and a decrease
in the flow rate offshore. In addition, the return flow was significantly reduced in the case of the hybrid
method (Case 2) compared with that in the case of the submerged breakwater (Case 1).
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Figure 6. Average flow rate distribution (ﬁbottom) by structure type (Case 1: dolos; Case 2: hybrid
(dolos with the coral reef)): average flow rate at (a) the open inlet, (b) the shoulder of the structure, and
(c) the middle of the structure.

This result indicates that the return flow was reduced by the drag force of the artificial coral reef.
Figure 7 shows the distribution and direction of the flow rate vector (Uy;) in the x and z directions.
The magnitude and direction of the flow rate vector were determined using Equation (3).

ti+T;

— 1
Uy, = = Vu2 +w?dt, tana = 3)
i J

SIS

Figure 7a,b shows the average flow rate (Uy;) at the open inlet. A strong flow exiting offshore
behind the structure occurred owing to the increased flow rate in the open inlet. This increased flow
rate was the result of differences in the average water level in Cases 1 and 2. However, in Case 1,
a strong offshore flow occurred, while in Case 2, a relatively small flow distribution was observed. This
caused a significant reduction in the flow rate at the location of x/L = 0 cm. In Case 2, the overall flow
was greatly reduced, and in Case 1, a strong flow occurred in the offshore direction and downward
along the slope near x/Ly = —0.3. This was attributed to the strong breaking wave that occurred on the
crest of the structure, the average water-level rise behind the structure after breaking, and the offshore
flow that occurred through the open inlet because of the difference in the average water level from the
wave setup onshore and offshore. Accordingly, the strong flow at the shoulder and open inlet of the
structure in Case 1 was thought to cause scour and erosion around the structure. In contrast, a decrease
in the flow at the open inlet and the shoulder of the structure via the application of the artificial coral
reef method (Case 2) could mitigate sediment transportation.

To qualitatively determine the flow that traveled from behind the structure to the open sea,
it was tracked using a dye. Figure 8 shows the results from 0 s to 10 s for the flow of dye injected
behind the shoulder of the structure as measured by a drone. As shown in the flow distribution at
5 s in Case 1, the flow predominantly moved toward the right, and the flow in the offshore direction
developed in the open inlet and exited through the inlet at approximately 10 s. This was a general
indication of a strong flow through the submerged breakwater to the open inlet. This strong flow
could cause local scour and erosion behind the structure. However, when the hybrid method was
applied, the flow exiting through the open inlet was relatively mitigated compared with that in Case 1.
From the experiments, the application of the hybrid method could mitigate the problems of local
scour and the erosion that generally occurs around submerged breakwaters. It could also improve the
function of the submerged breakwater itself. Therefore, the hybrid method proposed in this study
was determined to be applicable not only for general submerged breakwaters, but also for various
structures for controlling coastal erosion.
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Figure 7. Flow rate vector distribution (Uy;) in x and z directions by structure type (Case 1: dolos;
Case 2: hybrid (dolos with the coral reef)): (a) flow rate at the open inlet with only the submerged
breakwater (Case 1), (b) flow rate at the open inlet with the hybrid method (Case 2), (c) flow rate at the
shoulder of the structure with only the submerged breakwater (Case 1), (d) flow rate at the shoulder of
the structure with the hybrid method (Case 2), (e) flow rate at the middle of the structure with only the
submerged breakwater (Case 1), and (f) flow rate at the middle of the structure with the hybrid method
(Case 2).
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Figure 8. Flow patterns around the structure by structure type (Case 1: dolos; Case 2: hybrid (dolos
with the coral reef)) determined using dye.
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3.3. Morphological Characteristics

We analyzed the morphological trends dependent on the structure type. Figure 9 shows the
morphological changes 20 h after implementing each case. In Cases 1 and 2, sand accumulated behind
the structure and small scour occurred in the open inlet. The offshore phase-averaged wave generation
was determined via a balance between the gradients of the radiation stress and the average water
level [32]. The governing equation for offshore average flow in normal states can be expressed as
Equation (4). Here, x; is the coordinate system, g is the gravitational acceleration, p is the density, / is
the water depth, C is the displacement of the average water surface, U; is the phase-averaged flow rate,
Sijis the radiation stress of the waves, and T_]'B is the frictional stress of the bottom surface. This equation
indicates that the average offshore flow is determined by the balance between the gradients of the
radiation stress and the average water level.
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Figure 9. Results of the 3D morphological changes after 20 h by structure type (Case 1: dolos; Case 2:
hybrid (dolos with the coral reef)): (a) morphological changes after 20 h when the submerged breakwater
was applied (Case 1) and (b) morphological changes after 20 h when the hybrid method was applied
(Case 2).

Based on wave and velocity distribution analysis in Sections 3.1 and 3.2, the flow was generated
from the side part to the rear part of the structure due to the wave radiation stress gradient since
the distribution is relatively low in the center part behind the structure rather than the side part.
This phenomenon would lead to the shoreline retreat from the open inlet and the shoreline advance
behind the structure at the same time. We measured the slow rate of flow because the radiation stress
gradient was relatively low between the open inlet and center part of the structure in Case 2 rather than
in Case 1. In addition, the blue areas shown in Figure 9a denote erosion and scour, which occurred
behind the shoulders and open inlet of the structure. This is because a strong return flow occurs as
a result of the differences in the mean water level, depending on the wave setup, at the open inlet
and shoulder of the structure, as described in Section 3.2. This rise in the water level behind the
structure is a fatal drawback of the submerged breakwater. Due to the water level rise, return flow
was generated for energy equilibrium, which led to serious erosion and scour around the structure.
However, in Case 2, the erosion around the structure could be mitigated because the return flow was
reduced while allowing the flow over the artificial coral reef. Compare with Figure 9a (circle area),
it can be seen that the blue area, which describes the area of erosion and scour, was diminished around
the structure as shown in Figure 9b, which demonstrates the beneficial role of artificial coral reef
to conserve the seabed. To analyze the erosion and scour precisely, we investigated cross-sections
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dependent on the morphological changes. These were divided into those corresponding to the open
inlet (section A), shoulder (section B), and middle of the structure (section C).

Figure 10 shows the cross-sectional profiles for each structure portion. The black, orange, and
blue lines each indicate the morphologies at the beginning of the experiment, 2 h later, and 14 h later,
respectively. Table 3 presents coastline change(AY), erosion amount(AA), maximum scour depth (Smax)
for each section. Here, the negative value of AY means the retreat of the coastline and the positive
value means advancement of the coastline. For AA, a negative value means erosion, positive means
sedimentation. The cross-sectional changes in the open inlet (section A) were —4 cm (Case 1) and
3 cm (Case 2) after 20 h, which indicated small coastline changes. For the maximum scour depth
(Smax) at the open inlet, 5.9 cm of scour near x = 705 cm and 5.3 cm near x = 445 cm were measured
in Cases 1 and 2, respectively, generated by the return flow in the open inlet (Table 3). Furthermore,
we calculated the scour amounts from the morphological changes for each cross-section after wave
generation. The amounts were —6386.6 cm? and —3634.8 cm? for Cases 1 and 2, respectively, which
proves that the amount of erosion was reduced in Case 2. It was determined that the sand collector,
employed in the artificial coral reef method in the open inlet, reduced erosion by collecting sand.
The results of the morphological changes after 20 h in the shoulder of the structure (section B) showed
coastline advancements of 42 cm and 71 cm in Cases 1 and 2, respectively, which shows that the hybrid
method contributed more to the advancement of the coastline. For the maximum scour depth (Smax) in
the structure, 12.7 cm of scour near x = 599 cm and 5.0 cm near x = 570 cm were measured in Cases 1
and 2, respectively, which indicated significantly reduced scour behind the shoulder of the structure in
Case 2. This is attributed to the reduction in U, behind the shoulder of the structure when the hybrid
method was applied, and is in line with the results in Figure 7c,d. As a result of calculating the amount
of erosion in the shoulder of the structure, erosions of —1744.9 cm? and —821.0 cm? were obtained in
Cases 1 and 2, respectively, which also revealed that the erosion was significantly reduced in Case 2.
The results of the morphological changes after 20 h in the middle of the structure (section C) represent
coastline advancements of 42 cm and 71 cm in Cases 1 and 2, respectively, which also support the
excellent performance of the hybrid method with regard to coastline advancement. This is attributed
to cross-sedimentation, owing to which sediments accumulated near the coastline because of wave
reduction by the structure and the convergence of longshore currents behind the structure. In the case
of the hybrid method, the radiation stress was low, and the return flow was reduced by the drag force
of the artificial coral reef, which led to coastline advancement. In addition, it was determined that the
morphological change around the structure was small because the scour was invisible and the value of
Uy, was low around the structure, as shown in Figure 7e,f. Consequently, the wave reduction part of
the hybrid system controlled the waves such that the differences in the energy gradient were lower than
those in Case 1, and the sand collector part reduced the return flow and controlled some of the escaping
sand. The experiments confirmed that the application of the hybrid method mitigated local scour
and erosion of the submerged breakwater. It also improved the wave control of the structure and the
coastline advancement. In this study, a 1/25 scale of the hydraulic model experiment was conducted by
applying Floude’s similarity law in a water basin at Balai Pantai research center, Indonesia. The results
in the experiments are judged to be able to appropriately reproduce the actual environment; thus
verification and application through numerical model experiments will be performed in further study.
Further studies will be conducted to evaluate the optimized hybrid design in various locations, and an
on-site installation will be conducted to verify the applicability and results.
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Figure 10. Morphological changes in each cross-section by structure type (Case 1: dolos; Case 2:
hybrid (dolos with the coral reef)): (a) cross-section change at the open inlet (section A) with only the
submerged breakwater (Case 1), (b) cross-section change at the open inlet (section A) with the hybrid
method (Case 2), (c) cross-section change at the shoulder of the structure (section B) with only the
submerged breakwater (Case 1), (d) cross-section change at the shoulder of the structure (section B)
with the hybrid method (Case 2), (e) cross-section change at the middle of the structure (section C) with
only the submerged breakwater (Case 1), and (f) cross-section change at the middle of the structure
(section C) with the hybrid method (Case 2).

Table 3. Morphological changes dependent on the structure type.

AY (cm) AA (cm?) Smax (cm)
Open g oulder Middle ©OP™  Shoulder Middle COP®™  Shoulder Middle
Inlet Inlet Inlet
Casel  —4 4 4 —6386.6 —17449  —422.8 5.9 12.7 32
Case2 -3 71 71 36348  —821.0 4251 53 5.0 37

AY = Coastline change; AA = Erosion amount; Syax = Maximum scour depth.

3.4. Shoreline Response to Offshore Obstacles

Various technologies have been developed to address coastal erosion, and many studies have
been conducted on shoreline response dependents on the type of structure. Black et al. [33] suggested
an equation for predicting the salient and tombolo dependence on the ratio of the structure length
(B) and the distance from the undisturbed shoreline (S). Equation (5) presents an empirical-based
relationship for the shoreline response to the reef. X, and Y,y were estimated using Equation (5) to
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compare and evaluate the theoretical results (Table 4). Herein, X,y and Y g represent the distance from
the tip of the salient to the offshore obstruction and the salient amplitude, respectively (Figure A2).
In addition, S presents the sum of X,y and Y. We computed Y4 by calculating undisturbed line (S)
without disturbance at the center of the structure based on morphological change data in Figure 9.
Figure 11 shows the coastline response results for the submerged breakwater and hybrid method, and
the power—curve relationship is distributed within a certain range. In Case 1, this comparison revealed
that the measured value of X,y was approximately 22% larger than the reference value. This result
indicated that more time was required to reach a stable shore condition, despite setting 20 h as the
threshold for a stable shore in the experiment where no topographical changes occurred. In addition,
the particle diameter of the experimental sand was 0.2 mm, which was considered to be a large diameter
for topographical change. In Case 2, the measured value for X,y was approximately 17% larger than
the reference value. In this case, the S value decreased to reduce X,#, which led to the advancement of
the shoreline. This occurred because the disturbed area was reduced owing to wave control in the
open inlet, which was caused by the application of the artificial coral reef. In general, it was found that
the similarity of the hydraulic model experiment exhibited a small error range compared with the Xy
value under field conditions; further, it well-reproduced the field conditions. However, Equation (5)
represents only the coastline change with respect to the structure length and detached distance, and it
does not consider the wave height, structure width, and floor depth. Therefore, we intend to conduct
further studies on the response of the shoreline dependence under various conditions.

X -127
off _ B
5= =05%(3) (5)

Table 4. Comparison between the present study (Case 1 and Case 2) and reference data for Equation (5).

Type B (m) S (m) Yo [33] Y,f (This Study) Xopr [33] X, (This Study)
Case 1 6.0 4.1 2.25 1.72 1.85 2.38
Case 2 6.0 39 2.16 1.81 1.74 2.09

B Reference
A Ccasel (dolos)
O Case2 (hybrid)

Figure 11. Comparison between the present study (Case 1 and Case 2) and the reference data (Black
and Andrews, 2001).

4. Conclusions

To solve the problem for local scour and erosion around the open inlet of submerged breakwater,
we introduced the hybrid method, which combined the submerged breakwater with artificial coral reef,
and we performed three-dimensional hydraulic experiments for its feasibility. For wave distribution,
wave energy was reduced significantly by wave reduction, owing to frictional resistance and energy
dissipation in the open inlet. For flow velocity distribution, return flow escaping to offshore through
open inlet was reduced. In particular, from the experiment of dye trajectory, flow was reduced and
water circulation was enabled compared to the application of submerged breakwater. From the
morphological changes, we found that the coastline advanced behind the structure owing to the
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convergence of longshore currents in that area and the cross-sedimentation control, achieved through
wave control. Furthermore, substantial scour and erosion occurred at the shoulder of the structure and
the open inlet when only the submerged breakwater was present; however, in the case of the hybrid
method, the scour and erosion were significantly reduced. It was determined that the application of the
hybrid method controlled the movement of sediments by reducing the return flow exiting through the
open inlet and shoulder of the structure. It is worthy to note that the implementation of artificial coral
reefs in open inlets can reduce the return flow rate, attributed to the drag force. Further studies will be
carried out to evaluate the optimized hybrid design in various locations, and an on-site installation
will be conducted to verify the applicability and results.
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Appendix A

OO N ST S |

WAL | g W ) Ny

(a) Raw data (b) Data arrangement (ICP algorithm)

(c) Removal of out-of-range data (d) Removal of noise data

Min =-0.900 cm
Max =1.300 cm
Mean =-0.016 cm
St.dev =0.160 cm

(f) Data verification
(e) Verification of data arrangement

Figure A1. Data calibration for analysis of morphological changes.
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Baseline (Undisturbed shoreline)

Figure A2. Geometric definition of shoreline (Black and Andrews, 2001).
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