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Abstract

Coastal areas are vulnerable to the erosive forces of waves, particularly during storm events. Temporary coastal
protection measures are often necessary to mitigate damage while permanent solutions are being developed.
This study investigates the effectiveness of a fixed box-type breakwater as a temporary measure against wave
action. Laboratory experiments were conducted to assess the performance of the breakwater under varying wave
conditions. The wave attenuation performance of the proposed breakwater was tested in a series of early
experiments in a two-dimensional (2D) wave flume under various conditions, including frequency and wave
periods for different models (FB; without membrane, FB, with a single 46cm membrane, FB3 with 46cm and
56cm double membranes, and FB4 with a single 56cm membrane). Additionally, the flexible membrane's length
was examined, along with other derived breakwater designs such as rectangle boxes and boxes joined by a
single flexible membrane. Results indicate significant wave attenuation behind the breakwater, suggesting its
potential efficacy in protecting coastal areas. According to the findings, the fixed breakwater (FB; model) might
successfully reduce waves by about 50% in moderately longer waves with a wave period of 2s. This article
presents the methodology, experimental setup, results, and implications of the study, highlighting the suitability
of fixed box-type breakwaters as a viable temporary coastal protection solution.

Keywords: Coastal protection; Fixed box-type breakwater; Laboratory assessment; Wave actions; Temporary
measures

1. Introduction

Coastal erosion presents a significant threat to infrastructure, habitats, and communities worldwide. While
permanent coastal protection measures like seawalls and revetments are effective in the long term, they often
require substantial time and investment for planning and construction. Consequently, temporary solutions are
crucial to mitigating the impact of waves and erosion. Fixed box-type breakwaters have emerged as potential
temporary measures due to their ease of installation and effectiveness in dissipating wave energy. They serve
as low-cost substitutes for conventional breakwaters, particularly in coastal and nearshore regions undergoing
multifunctional development. When coastal areas face low wave energy, fixed breakwaters become a viable
alternative. Previous studies have highlighted the advantages of free surface breakwaters over bottom-founded
ones, including their easy rearrangement, relocation, and minimal environmental impact (Cebada-Relea et al.,
2023; Fouladi et al., 2023; Guo et al., 2022; Ji et al., 2022).

Early research focused on enhancing wave attenuation through single box or pontoon-type structures. To
improve wave attenuation, combined systems consisting of main structures (e.g., box or pontoon) and accessory
parts (e.g., frame structures, flexible structures) were developed, leveraging the strengths of both types of
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breakwaters (Paotonan et al., 2022; Yang et al., 2018; Diamantoulaki & Angelides, 2010; Kee, 2005; Koutandos
et al., 2004). Additionally, research by Uzaki et al. (2011) and Ji et al. (2018) explored alternative combination
forms, such as main boxes coupled with vertical or horizontal plates. Flexible membrane materials have gained
attention due to their portability, affordability, and ease of deployment.

While numerical analyses of flexible membranes have been conducted (Cebada-Relea et al., 2023; Chen et al.,
2022; Chen et al., 2023; Cui et al., 2022; Diamantoulaki & Angelide, 2010; Ji et al., 2023; Kee, 2005; Li et al.,
2020; Park & Kim, 2023; Sun et al., 2022; Wei & Yin, 2022; Yin et al., 2023), experimental studies, especially
for combined breakwater types, remain limited. Quantitative information on the hydraulic behavior of such
breakwaters is also scarce, emphasizing the need for further research. This paper presents findings from a
laboratory investigation to assess the effectiveness of a combined fixed box-type breakwater in reducing
transmitted waves, aiming to provide insights into its suitability as a temporary coastal protection solution.

2. Research Method
2.1 Construction of Breakwater Models

Laboratory experiments were conducted in a wave flume to assess the effectiveness of the fixed box-type
breakwater. The breakwater was constructed according to specified dimensions and placed within the flume. A
series of wave conditions, including varying wave heights and periods, were generated to simulate different
coastal scenarios. Measurements of wave height and energy dissipation were recorded both upstream and
downstream of the breakwater to evaluate its performance.

The breakwater model used in this study is derived from the box-type breakwater design. According to Wu et
al. (2022), Figure 1 displays the schematic diagram of the box-type breakwater. The model of this breakwater
consists of a sturdy wooden structure with a height that prevents the wave height from exceeding it.
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Figure 1. Scheme design and material used to build breakwater models

The rigid wooden box is connected to a steel frame structure that is installed on the flume wave maker by fixing
it with a bolt connection. For box-type breakwater with a flexible membrane, two sizes of a flexible membrane
are used, where the length of two membranes is 46 cm and 56 cm, respectively. The membranes are connected
to the wooden box by hanging the arc on the below edges along the width direction and fastening it with tacks,
as shown in Figure 2.
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Figure 2. Fixed breakwater position in a 2D wave flume
2.2 Experimental Equipment

The entire experimental work was conducted within a 2D wave flume (Figure 3), where the breakwater was
positioned at a distance of 8.2 meters from the wave paddle. The wave generation mechanism utilized a piston-
type paddle installed at the upstream section of the wave flume to produce regular waves. The breakwater itself
was installed at a near-central location in the wave flume, with a freshwater depth of 30 cm. Various
combinations of wave amplitude and frequency were generated using this wave generator. The experimental
waves followed the standard Joint North Sea Wave Project (JONSWAP) spectrum with a value of y =3.3. In
the case of y = 3.3, the spectrum is relatively steep, indicating a pronounced concentration of energy at the peak
frequency. A total of eight experimental runs were conducted in the laboratory to evaluate the wave reduction.

Figure 3. 2D Wave Flume used in the laboratory assessment

23 Experimental Circumstances

To carry out the investigations, regular waves were generated at a fixed water depth of 30 cm. The frequencies
used were 0.8 Hz and 0.5 Hz, corresponding to a wavelength of 0.08. The relative draft depth, represented as
d/h, was set to 0.3. According to Sun et al. (2022), using a fixed breakwater with a relative depth of one-third
of the water depth provides better wave attenuation properties.
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To analyze the reduction in wave height, measurements were taken before and after the submerged breakwater
at four different locations. These locations were identified as CH;, CH,, CH3, and CHs, and probes were
suspended in the flume to position them accordingly. CH; and CH, were positioned upstream of the breakwater
to measure the incident wave, while CH; and CH4 were placed downstream. A wave absorber was installed at
the far end of the wave flume to reduce the transmitted wave after it passed through the breakwater. The specific
measuring distances for CH;, CH,, CH3, and CH4 were 600 cm, 800 cm, 1224 cm, and 1424 cm, respectively,
from the wave paddle. Additionally, the experimental runs were visually documented using still photographs
and video recordings. A more detailed representation of the experimental setup is shown in Figure 4.

A1

100cm

2000 ¢m

Figure 4. Position of probes in a 2D wave flume

2.4 Experimental Procedures

The production of waves and the analysis of wave dissipation in fixed breakwater models were conducted using
software called High Resolution (HR) Merlin and HR Data AcQuisition (DAQ).

2.4.1  HR Merlin Wave Generation Program

HR Merlin, a wave generation software created by HR Wallingford Ltd., allows for the accurate simulation of
various ocean conditions in wave basins, towing tanks, and wave flumes. This software effectively manages
digitally filtered white noise to produce regular (sinusoidal) waves as well as random waves that replicate
commonly observed wave spectra. Additionally, it offers capabilities for generating custom spectrum shapes,
concentrated waves, and solitary waves. Figure 5 shows a visual representation of the wave generation process
in HR Merlin.
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HE. Merlin wave generation program

Create a Project files

Start wave maker

« Turn on flume wave maker
» Start HE. Merlin software
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sSetscale =1
*Set tank depth =075 m
*Set water depth = 030 m

Choose condition of wave
« Choose type of wave (regular wawve)
* Update Frequency and Amplitude of wave regquired

| Update time series = 120s I

Generate wave

« Click start to generate wave

Figure 5. HR Merlin acquisition procedure

2.4.2 HRDAQ

HR DAQ is an integral part of a comprehensive suite of applications that simplifies the process of acquiring
and analyzing data from various instruments. The software package includes several features, such as
specialized calibration procedures for wave probes, real-time data collection capabilities, and a collection of
analytical tools. Figure 6 illustrates the HR DAQ acquisition procedure.
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Figure 6. HR DAQ acquisition procedure

Results and Discussion
Below are the findings from the laboratory analysis of the fixed breakwater model using 2D Wave Flume.

Fixed Box-Type Breakwater Performance

Height before model—Height after model

x 100

Height before model

The data in Table 1 shows how much of a wave reduction the fixed breakwater achieved. The wave reduction
efficiency was determined by comparing the wave heights before and after reaching the breakwater. The
calculation of the percentage difference was performed using the following formula (Equation 1):

M
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Table 1. Percentage wave reduction data

. . H before H after
Model Period Amplitude Fre(ﬁlency breakwater at breakwater at d.l;;, rcentagoe/
(s) (m) (Hz) CH (m) CH; (m) ifference (%)
FB1 2 0.08 0.5 0.217 0.144 33.64
1.25 0.08 0.8 0.228 0.171 25.00
FB: 2 0.08 0.5 0.213 0.119 4413
1.25 0.08 0.8 0.244 0.173 29.10
FBs 2 0.08 0.5 0.178 0.074 58.43
1.25 0.08 0.8 0.264 0.158 40.15
FB4 2 0.08 0.5 0.196 0.211 7.65
1.25 0.08 0.8 0.257 0.263 2.33

32 Significance of Wave Height Reduction of Fixed Breakwater Models based on Different Wave
Frequency, F/

The laboratory assessments were conducted on two different wave frequencies, namely, F'=0.5 Hz and F =
0.8 Hz. This allows for a more comprehensive assessment of their performance and effectiveness. Waves with
different frequencies have distinct characteristics and energy distributions, which can affect how breakwaters
interact with and mitigate the waves, and it becomes possible to evaluate the breakwater's behavior under
varying wave conditions. Figure 7 shows the effect of relative structure height on wave height reduction for
two different wave frequencies and different models (FB, FB,, FB3, and FB4). The type of wave was a regular
wave. The discussion is based on data mainly from Channel 2 (CH>) and Channel 3 (CH3).

“‘ < = \

(c) FB3 with 46 cm and 56 cm double membranes (d) FB4 with a single 56 cm membrane
Figure 7. Different fixed breakwater models
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Based on the assessment, the graph of significant wave height against channels was conducted as in Figure 8
for different fixed breakwater models. The graph in Figure 8a indicates that the wave height peaked higher at F/
= 0.8 Hz at a height of 0.228m compared to the wave height at = 0.5 Hz, which reached 0.217m. However, a
reduction in wave height can be seen after waves hit the fixed breakwater at 7 = 0.8 Hz, where the height was
reduced from 0.165m to 0.154m at CHa, showing a percentage reduction of 33.33%. On the other hand, at ' =
0.5 Hz, the wave height was reduced to 0.144m at CH3 and continued to be reduced to 0.134m at CHa. At this
frequency, the wave height can be decreased by 50.69%. Meanwhile, the graph (Figure 8b) shows that the wave
height peaked higher at F = 0.8 Hz at a height of 0.244m compared to the wave height at 7= 0.5 Hz, which
reached 0.213m. However, the wave height at 0.8 Hz was only reduced to 0.173 m, which is 41.04%. On the
contrary, at F'= 0.5 Hz, the percentage reduction is about 78.99% at 0.119m. Figure 8c illustrates that the wave
height peaked higher at F = 0.8 Hz at a height of 0.264m compared to the wave height at 7= 0.5 Hz, which
reached 0.178m. The waves could be seen to behave successfully in terms of their reduction in wave height.
Lastly, Figure 8d shows the wave heights, which were not successful in terms of their reduction at CH3 as they
increased to 0.263 m and 0.211 m subsequently. The waves could be seen to start reducing at CHa, at 0.224m
for 0.8 Hz. However, the wave height at 0.5 Hz remains at 0.196 m, similar to its height at CHo.
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Figure 8. Graph of significant wave height against wave flume channel for different models
Based on the analysis conducted above, shows that the fixed breakwaters behave more efficiently when the

frequency of waves is set to 0.5 Hz. The frequency of waves is indirectly proportional to their wave period, T
(Equation 2).
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Therefore, we can acquire the wave period by using this formula. The wave period for F = 0.5 Hz is 2.0 s,
while the wave period for F' = 0.8 Hz is 1.25 s. As per the findings of a study conducted by Magdalena &
Jonathan (2022), it was observed that there is a consistent trend of higher wave transmission as the wave
period becomes longer.

When the frequency of the incident waves differs significantly from the natural frequency of the fixed
breakwater, less resonance occurs. In such cases, the breakwater is less likely to experience amplified responses
and can effectively reduce wave heights. These types of waves are called long waves and are typically generated
by distant weather systems, such as storms or strong winds over large bodies of water. Long waves can travel
great distances across the ocean and can be observed as the rhythmic rise and fall of the water's surface. They
have wavelengths greater than 1.73 times the water depth and periods usually ranging from a few seconds to
several minutes (Li et al., 2020).

This could be seen from the analysis of significant wave heights in the graphs above (Figure 8), where the
percentage of wave height reduction is higher at 7 = 2.0s. It is important to note that the response of a fixed
breakwater may vary depending on the wave period, which is inversely related to the frequency, where longer
wave periods typically correspond to lower frequencies. For example, in the case of Model 4 (FB,), the wave
height reduction could only be seen at the final channel, CHs. This could be caused by the long flexible
membrane, which may dissipate particle movements through the obvious swing motions, causing the wave
height to increase after encountering the Fixed breakwater.

33 Effectiveness of Models in Reducing Wave Attenuation

The graph in Figure 9 shows the percentage of wave reduction of fixed breakwater models for different wave
periods of 1.25s and 2s that were tested in this laboratory assessment. Based on the graph, the lowest percentage
of wave reduction occurs at FB4, which is 7.65% for the 2s period and 2.33% for the 1.25s period. This is due
to the long flexible membrane swinging the motion of waves, which causes the energy to be pushed forward,
hence increasing the wave height after passing through the fixed breakwater. However, FB4 shows sufficient
efficiency at CHa, albeit not as distinctive as the other three models. The best performance of wave reduction
happened at FB3, with a reduction percentage of up to 58.43% for the long wave (2 s period) and 40.15% for
the 1.25 s period. This aligns with past findings that stated that fixed breakwater with membrane efficiency
could increase up to 50% and more compared to FB without membrane (Li et al., 2020). Meanwhile, FB; with
33.64% for the 2s period and 25% for the 1.25s period shows that without the aid of a membrane, the fixed
breakwater could still manage to reduce the wave heights before the wave hits the fixed breakwater. On the
other hand, at FB,, the percentage increases to 44.13% for the 2s period and 29.10% for the 1.25s period. This
indicates that the flexible membrane is successful in acting as a wave absorber and dampening the wave energy
as it passes through.
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Figure 9. Graph of percentage of wave reduction of Fixed breakwater
models for different wave periods

4. Conclusion

This study employed the practicality of enhanced fixed breakwater with the membrane in the context of wave
attenuation by investigating the performance of the fixed breakwaters in reducing wave heights through a
laboratory experiment. The observation of four breakwater models (FBi, FB., FBs, and FB4) by analysing the
visual photographs and recording wave height before and after passing through the breakwater helps as an
indicator of the functionality of the fixed breakwaters. Also, a statistical analysis conducted on the performance
of fixed breakwaters shows that fixed breakwater is more practical in long-wave regime periods (7 = 2.0s) with
a reduction of wave heights up to 58.43%. In addition, the results revealed that the addition of flexible
membranes successfully promotes high wave dissipation behaviour by more than 50% compared to fixed
breakwater without membrane.

Laboratory assessment of a fixed box-type breakwater as a temporary coastal protection measure against wave
action demonstrates its effectiveness in attenuating wave energy. The results of this study provide valuable
insights into the potential applications of fixed box-type breakwaters in coastal engineering and highlight their
importance as part of an integrated coastal protection strategy. Future research should focus on refining
breakwater design and evaluating their performance under field conditions to validate their efficacy as
temporary coastal protection measures.

The findings of this study have important implications for coastal protection strategies, particularly in areas
prone to erosion and storm damage. Fixed box-type breakwaters offer a viable temporary solution to mitigate
the impact of waves while permanent measures are developed and implemented. Further research is warranted
to optimize breakwater design and assess their performance in real-world coastal environments.
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