
�� �� �� �� �� �� �� �� �� �	 �
 �� ��
���
�����������������������������
�������������������������������������������������


�����
����� �������!���"�����������#���$� �������������������%���&���������'�����(������
�)���������������������������"��� ���"���*�
���+���������������������%���!�����#��������
����������� �����������(���"�����������"���$�������,���-��

�����������������������.���/��������
������������� �����0�������������%�������/�
�"�����"�
�����'��� �����&��� �����������#�
�.���1����������������������������� ���������"�������������������������)�#����� �
�.���2�����1

�������#�-���.���(���"�3��
������������� �����0�������������%�������/�
�"�����"�
�����'��� �����&��� �����������#�
�.���1����������������������������� ���������"�������������������������)�#����� �
�.���2�����1

�)�"���������$�����"�
���,�4�����!��������
������������� �����0�������������%�������/�
�"�����"�
�����'��� �����&��� �����������#�
�.���1����������������������������� ���������"�������������������������)�#����� �
�.���2�����1

�&���#�������2���"���������������'��
�,������� �����������������%���5���*�������������
���!�������#���'�������.��������������� �����6��� ���������������.�������"���$� ������� ���������"���&��� �����������#�
���������-�.
�1����������������������������� ���������"�������������������������)�#����� �
�.���2�����1

�7

�����������8�9�9�"�����:�����#�9�;�<�:�=�;�<�>�9�?�@�A�B�>�;�A

�C�D�� �� �E�F�������#���������:���;�;���G�A�H�.�������:�@�?�I�@�J�@�?�=�I�.���@�<�@�I�J�<�>�:�������������"����� ���������������
���K�����"�����������$� �������������%
�F���#���������������#���$� ������� �����.�����
�����������������������������
�.���L��������
�M�N�
 �O�P�E
�Q�R�S�T �E�0�����������������0���'�'���������)���������*�������������I�:�<����������������������������



EVERGREEN Joint Journal of Novel Carbon Resource Sciences & Green Asia Strategy, Vol. 11, Issue 03, pp2742-2754, September, 2024 

 

Physical Modelling Scenarios of Tsunami Wave Attenuation 
Induced by Variation of Mangrove Protection Width and 

Sea Dike 
 

Hanah Khoirunnisa1,*, Widjo Kongko1, Adnan Sandy Dwi Marta1,*, 
Teguh Budi Pratomo3, Amalia Nurwijayanti1, Semeidi Husrin2, Benazir4, 
Favian Mafazi Giska Putra1, Danang Ariyanto1, Khusnul Setia Wardani1 

1Research Center for Hydrodynamics Technology, National Research and Innovation Agency, BRIN 
2Research Center for Geological Disaster, National Research and Innovation Agency, BRIN 

3Directorate of Laboratory Management, Research Facilities, and Science and Technology Park, 
National Research and Innovation Agency, BRIN 

4Civil and Environmental Engineering Department, Gadjah Mada University 
 

*Author to whom correspondence should be addressed: 
 E-mail: hana008@brin.go.id, adna001@brin.go.id 

 
(Received May 11, 2024: Revised July 13, 2024: Accepted August 7, 2024). 

 
Abstract: Indonesia is situated at the convergence of three major tectonic plates, namely the 

Eurasian Plate, the Indo-Australian Plate, and the Pacific Plate, which are constantly in motion. In 
accordance with the coastal region's specific characteristics, initiatives must be directed toward 
mitigating the risk of tsunami disasters. This research is dedicated to evaluating the impact of several 
variations of individual obstacles as part of hybrid designs, which are hard (sea-dike) and soft 
(mangroves) structures, in the attenuation of tsunami waves in a physical laboratory. The study was 
utilized in a 1/50-scale model of a 3D prototype of mangrove trees and sea dike. These experiments 
conducted systematically trialed variations in mangrove forest protection width along flume direction 
(50 cm, 100 cm, and 150 cm) - with sea-dike 3D prototypes by the height of 40 mm and 60 mm in 
height, employing a pneumatic tsunami simulator physical model, to determine the most effective 
tsunami wave reduction strategies. The tsunami wave input for the physical modelling within the 
pneumatic tsunami simulator was representative of the Mercator Indian Ocean Boxing Day 2004 
event and incorporated actual bathymetric data. The experimental results conclusively demonstrate 
that the combination of a 60 mm high sea dike stands out as the optimal configuration for reducing 
tsunami wave height and decelerating their propagation (estimated time of arrival of tsunami). The 
60 mm sea-dike design is the most optimal coastal protection type, achieving a reduction percentage 
of 86.99%, as recorded at Wave Gauge (WG) 4. Meanwhile, for the mangrove scenario, the 
maximum reduction is obtained by mangroves with a protection width of 150 cm, with a reduction 
value of 21.68% at WG4. Additionally, a correlation between the degree of tsunami wave reduction 
and the tsunami arrival time was found, with values for WG4, WG5, and WG6 of 0.84, 0.91, and 
0.83, respectively. To sum up, according to experiment analysis, sea dike construction is more 
effective than mangrove for attenuating tsunami wave height and tsunami time arrival in coastal areas. 
In addition, the wave height reduction has a positive correlation to tsunami time arrival in all 
variations. Further research utilizing the validation of numerical models is still needed to provide a 
better assessment of the feasibility of incorporating sea dikes and mangroves into coastal protection 
plans.  

 
Keywords: tsunami simulator; Mercator; mangrove; sea-dike; SSHMAX; and tsunami time 

arrival 

1.  Introduction  

Tsunamis are long-period waves distinguished by their 
destructive capacity. The wave period for tsunamis 
typically spans from 10 to 30 minutes and is primarily 

generated by tectonic activities such as seabed movements, 
alongside other contributory phenomena like landslides 
that significantly disturb aquatic environments1,2,3,4). 
Tsunami waves have a period range of 90 to 7000 
seconds2). As tsunami waves approach shallower waters, 
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their speeds and wavelengths decrease, while their heights 
increase markedly. A notable phenomenon occurs when a 
tsunami features a leading depression wave, where the sea 
noticeably recedes from the shore prior to the arrival of 
the positive crest, which subsequently makes landfall.5). 
Runup is characterized as the perpendicular elevation 
from the static water level to the location of the utmost 
inundation point of an inland tsunami. This parameter is 
widely employed to delineate waveforms resembling 
tsunamis within laboratory settings. 

Furthermore, tsunami waves possess wavelengths that 
can trigger extensive inundation distances inland. 
Understanding the characteristics and mechanisms of 
tsunamis is crucial for devising effective mitigation 
strategies and enhancing coastal disaster preparedness. 

The Indian Ocean tsunami of 2004 and the Tohoku 
tsunami of 2011 had substantial adverse impacts on both 
the environment and the economy. The 2004 Indian Ocean 
tsunami resulted in the loss of nearly 300,000 lives1,5,6). 
Similarly, the Tohoku tsunami, which surged across 
Japan's east coast in 2011, claimed the lives of over 15,000 
people, with an additional 2,500 individuals reported 
missing. The devastation extended to the destruction of 
more than 400,000 buildings and the washing away of 
over 250 coastal bridges. Additionally, the Tohoku 
tsunami had economic repercussions across various 
industry sectors7,8,9). The impact of the 2004 Indian Ocean 
tsunami on coastal regions and structures exhibited 
significant variation, influenced predominantly by local 
bathymetric conditions. This variability underscored the 
critical role of underwater topography in modulating 
tsunami interactions with coastal environments across 
different locations6). The estimated wave speeds in 
specific locations were 6–8 m/s in Khao Lak, 3–4 m/s in 
Kamala Beach, Thailand, and almost 5 m/s in Aceh, 
Indonesia10,11,5). Satellite observations from JASON 
during the 2004 Indian Ocean tsunami event disclosed that 
tsunami waves propagated at high speeds across vast 
distances, exhibiting small wave heights but covering up 
to 500 km. These observations recorded an average 
celerity of 200 m/s in open seas, underscoring the rapid 
and far-reaching nature of tsunami wave propagation5). 
Understanding the multifaceted impacts of these tsunamis 
is critical for devising effective mitigation and 
preparedness strategies to minimize future losses. 

The Echosounder data obtained from the Belgian yacht 
"Mercator," located 1.6 km off the Southern Phuket coast, 
played a crucial role in capturing the height data of the 
Indian Ocean tsunami in 2004 at one-minute intervals12) 
and13). The recorded data from Mercator revealed a 
noteworthy reduction in the period of the Indian Ocean 
2004 tsunami compared to the originally generated 
tsunami5). This observation highlights the critical role of 
real-world measurements in comprehensively 
understanding the dynamic behavior of tsunamis. These 
insights into the variations in wave characteristics as 
tsunamis traverse open waters and interact with coastal 

environments are pivotal for enhancing tsunami modeling 
and refining early warning systems. Such advancements 
are vital for improving disaster preparedness and 
mitigation strategies. 

The importance of developing effective mitigation 
strategies is paramount. Proactive measures include 
bolstering the disaster awareness and response capabilities 
of coastal communities14). However, strengthening 
regional resilience alone is inadequate; therefore, it is 
essential to also introduce physical systems in the field. 
One such measure, widely applied after the Indian Ocean 
tsunami two decades ago, involves planting coastal 
vegetation as a tsunami barrier15,16,17). Moreover, there is a 
growing discourse on integrating coastal forests with 
engineered structures such as levees and moats to fortify 
coastal defenses effectively.18,19). 

Mangrove ecosystems thrive in intertidal and coastal 
regions within tropical and subtropical zones, 
distinguished by their intricate root systems, particularly 
exemplified by the Rhizophora species, commonly known 
as red mangroves. The demonstrated ability of these 
ecosystems to diminish incoming flow energy is 
supported by previous studies, e.g.,20,21,22). In 2023, a 
physical model experiment was conducted to evaluate the 
effectiveness of various mitigation alternatives—seawall, 
submerged breakwater, and mangrove forests—in 
reducing overland flooding and the impact forces on 
structures within an urban coastal setting23). The combined 
configuration of seawall and submerged breakwater 
resulted in the most significant maximum force reduction 
of approximately 50%. Mangrove forests arranged in 
eight rows resulted in a force reduction of 46%. The 
seaward slope of the fringe mangrove forest influenced 
incident wave conditions, leading to an enhancement of 
wave height due to shoaling when waves did not break 
along the slope. Empirical evidence establishes that the 
primary factors influencing wave attenuation in the 
context of short waves are water depth, the frontal area of 
mangroves, and wave height22). 

The experiment examined the efficacy of an ecological 
embankment, comprising mangroves and conventional 
embankments, in mitigating tsunamis and protecting 
buildings by measuring changes in bore height and impact 
pressure post-eco-embankment passage and comparing 
various eco-embankment type24). Physical modeling 
initiatives significantly enhance our comprehension of 
tsunami mechanics, facilitating the development of 
refined approaches for tsunami risk assessment, 
optimization of early warning systems, and bolstering the 
resilience of coastal infrastructures. While physical 
models have been extensively applied to study wave 
attenuation through hard structures and natural barriers 
like vegetation, there has not yet been an investigation 
employing laboratory-scale 3D printed models of 
Rhizophora mangroves and sea dikes scaled to 1/50th, 
using parameters from the 2004 Indian Ocean Tsunami 
and tested with a pneumatic tsunami simulator. This study 
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is designed to explore the effectiveness of various coastal 
protection measures, including the reduction of wave 
heights and the delay in tsunami arrival times, utilizing 
scaled-down structural and vegetative prototypes based on 
established reference models.  

 
2.  Material and Method 

The 2004 Indian Ocean Tsunami event, which was 
recorded off the coast of Thailand by the "Mercator" yacht, 
was utilized as an input in a wave generator for the 
physical modeling of tsunami waves. The wave 
generator's height, period, and wavelength were all scaled 
down by 1/50. In order to produce long waves of tsunami 

magnitude, this research utilized the third iteration of the 
Pneumatic Long Wave method, commonly referred to as 
the Tsunami Simulator (TS). This approach, initially 
employed by5), has been advanced and expanded upon 
by25). The detailed design concept and generation 
mechanism of the tsunami simulator device were in 
accordance with the tsunami simulator apparatus 
described by26). Additional information about the TS 
could be found in2), where the authors validated the 
method. They assessed its ability to generate Froude-
scaled prototype tsunami waveforms, such as the 
'Mercator' IOT waveform, and investigated tsunami runup 
in the same flume during a test program that preceded the 
experiments presented in this study. 

 

 

 
Fig 1. The layout design and spacing between each wave gauge 

 
Figure 1 illustrates the locations and distances of the 

wave measurement devices used to record the results of 
tsunami wave height and arrival time generated by the 
Tsunami Simulator. The Wave Gauges (WGs) employed 
have an accuracy of ±0.5 mm, calibrated before the 
physical modeling tests at the Port and Coastal Dynamics 
Laboratory in Yogyakarta, certified under ISO 17025. A 
novel pneumatic Tsunami Simulator (TS) was developed 
by HR Wallingford with the support of University College 
London (UCL) in 2008 and has been used to study 
tsunami and their effects on run-up and 
buildings27,28,29,30,31). 

 

 
Fig 2. Timeseries of tsunami generation in WG1 as a 

Mercator 2004 representative 
 

The pneumatic tsunami simulator used in this study 
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comprises a flume that is 95 meters long and 2.5 meters 
wide. For the purpose of the experiments, the flume was 
divided into two distinct sections: the initial setup and the 
final scenario that incorporated coastal protection 
structures. This division facilitated the simulation of 
tsunami wave dynamics in a controlled environment, 
laying the groundwork for a detailed analysis of different 
inundation impacts on coastal zones. The time series data 
of the tsunami, modeled after the 2004 Indian Ocean 
Boxing Day event, is illustrated in Fig.2. Wave Gauges 
(WG) were employed as precise measurement instruments, 
ensuring the accuracy and reliability of the data collected. 
This setup allowed for an exhaustive evaluation of how 
different scenarios influence tsunami wave behavior and 
inundation patterns. 

The characteristic features of the tsunami waves 
observed in this experiment include the occurrence of an 
initial negative wave height, succeeded by a subsequent 
positive wave height exceeding 60 mm. This 
measurement was recorded at WG1 (Fig. 2), the wave 
gauge strategically positioned on the calibrator of the 
wave generator. Within WG1, the occurrence of two tidal 
waves and one tidal surge was documented. However, 
upon surpassing the slip, the emergence of an initial 
tsunami wave with a height of <20 mm was noted, 
followed by a tidal surge with an approximate height of 
100 mm, particularly in scenarios MT004 and MT006. A 
slope of 1/20 and a model scale of 1/50 were applied in 
this physical model test to reconstruct the coastal 
landscape, as shown in Fig. 1. The maximum wavelength 
corresponding to the Mercator record (2004 tsunami) 
reproduced here is 14 km at a 1/50 scale. 

 

 

 
Fig 3. Volume ratio of Mangrove as a vegetation test model 
 
In this investigation, a series of experiments were 

conducted to evaluate the effectiveness of single 
protection systems against tsunami waves, involving both 
hard (sea-dike) and soft (mangrove) structural defenses. 
The sea-dike was tested at two height variations: 40 mm 
(MT004) and 60 mm (MT006). For vegetative protection, 

mangrove barriers were varied across three widths: 50 cm 
(MM050), 100 cm (MM100), and 150 cm (MM150), with 
detailed volume ratios depicted in Fig. 3.  

The experimental setup included multiple Wave Gauges 
(WGs) strategically placed to monitor tsunami dynamics 
and the efficacy of the structural variations. WG1 was 
positioned to validate wave generation against the test 
scenario, WG2 aimed to record the propagation of tsunami 
waves prior to interacting with any structures, and WG3 
was set to capture wave behavior post-interaction with 
varying mangrove widths or, in alternate scenarios, before 
reaching sea-dike structures. WGs 4 and 5 were tasked 
with observing the effects of waves post-sea-dike 
interaction and their subsequent behavior on the beach. 
Finally, WG6 was designated to gauge tsunami inundation 
post-impact on building structures or to measure tsunami 
heights in front of residential areas. Figure 3 illustrates the 
mangrove volume ratios, calculated based on the 
submerged root volume, which influence the root system's 
porosity and, consequently, its effectiveness in tsunami 
mitigation32,33). 

 

  

  

  

  

  

  
Fig 4. Tsunami physical modelling scenario (a) without 

protection, (b) mangrove with vegetation protection width 50 
cm (MM050), (c) mangrove with vegetation protection width 
100 cm, (d) mangrove with vegetation protection width 150 
cm, (e) sea-dike 40 mm (MT004), and (f) sea-dike 60 mm 

(MT006). 
 

In this study, mangrove obstacles and embankments 
were implemented as coastal protection against tsunami 
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waves. The coastal mangrove protection strategy was 
examined through the implementation of three distinct 
vertical widths—50, 100, and 150 cm—while the sea-dike 
was evaluated at two heights, 40 mm and 60 mm. The 
selection of mangrove width variations was strategically 
designed to align with the capacity of the tsunami flume 
used in this research. This investigation explored three 
specified widths of mangrove forests, extending the study 
beyond previous research that tested real vegetation 
widths up to 8 meters. This extension was undertaken to 
compare the efficacy of different vegetation types in 
tsunami protection, ensuring a comprehensive analysis of 
how varying widths influence wave mitigation34), water 
flume experiments and numerical simulations based on 
the Papua New Guinea tsunami of 1998 to estimate the 
attenuation of tsunami energy by mangroves. The model's 
output indicates that a 100 m wide forest belt can reduce 
tsunami flow pressure by up to 90%35). Circular cylinders 
can decrease fluid force by 71–82% and attenuate waves 
by up to 20%, according to trials with densities of 0.2 
trees/m2 and 80 m in width36,37). Furthermore, using the 
Great East Japan Tsunami (GEJT) scenario from 2011, 
three different vegetation width changes were tested at a 
scale of 1/100: 5.41, 12.18, and 48.75 cm16). 

The height, diameter of the mangrove trunks, and roots 
are measured using a scale that is applicable to all 
mangroves and is presumed to be 1/50 (Table 1). The 
mangrove prototype was applied at intervals of 10 cm or 
density 0.01 trees/cm2 in model scale or 0.04 trees/m2 in 
actual scale resulting in a mangrove forest with twelve 
(12) mangrove trees (along-shore) and five, ten, or fifteen 
mangrove trees (cross-shore) (Fig. 5). This is an essential 
variation. Furthermore, this study employs a 1/50 scale 
sea-dike height of 40 mm and 60 mm based on research26), 
which states that a sea-dike that is less than 4 cm will not 
be effective in containing tsunami waves and that a sea-
dike that is higher than 6 cm or 3 m in real scale will result 
in significant costs. The mean sea level (MSL) is a 
reference point for the sea-dike application in this study.  

 
Table 1. Measurement results for Rhizopora sp. which was 

quantified by Froude Scale. 
Parameter Real (m) Model (cm) 
Total Height 10.34 10 
Root Height 1.54 4 
Trunks Height 1.8 5 

Trunk Diameter 0.2 0.5 
Root Diameter 0.09 0.4 
Root Width 5.6 10 

 

 
Fig 5. Illustration of mangrove distribution for 50 cm, 100 

cm, and 150 cm width by intervals 10 cm (top-view). 
 
Figure 4 illustrates the reconstruction of the tsunami 

propagation model with a hybrid scenario applying a 
combination of obstacles. In the figure, it was observed 
that the embankment was able to withstand the incoming 
tsunami waves. In the initial phase of the scaled 
experiment, the water level at rest was established at a 
height of 1 meter relative to the deeper section. 
Subsequently, a tsunami-like wave resembling those 
observed in Aceh was induced by the wave generator, 
propagating towards the leftward direction over time 38). 

The physical tsunami wave experiment conducted had 
a simulation duration of 300 seconds (5 minutes), 
characterized by 50 data points per second for all WGs. 
The WGs served as the instrumental apparatus for 
recording wave height data at specific points throughout 
the simulation period. The utilization of WGs as 
measurement tools ensures the precision and reliability of 
the recorded data, facilitating a comprehensive 
understanding of the impact of various scenarios on 
tsunami wave propagation and inundation patterns. 

 
3.  Results 

Figure 4 visually captures the impact of tsunami waves 
on various coastal protection measures, including 
mangrove forests and sea-dike structures. Figure 4a 
demonstrates the progression of tsunami waves towards 
an unprotected model house, where the energy of the wave 
encounters minimal resistance. In contrast, Figures 4b, 4c, 
and 4d illustrate the effects of tsunami waves against 
coastal protections featuring mangrove widths of 50 cm 
(MM050), 100 cm (MM100), and 150 cm (MM150), 
respectively. The analysis from these figures indicates that 
the breadth of the mangroves significantly influences the 
attenuation of tsunami height due to induced turbulence. 
The turbulence, marked by yellow vortex symbols in the 
diagrams, intensifies with broader mangrove widths, 
effectively diminishing the tsunami’s energy and reducing 
the wave height in front of the model houses. Notably, the 
150 cm mangrove scenario (MM150) demonstrated 
superior efficacy in reducing tsunami height compared to 
its narrower counterparts, establishing its prominence in 
tsunami mitigation strategies. 

As the tsunami wave advanced onto land, it undergoes 
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a transition into a highly turbulent water flow, 
characterized by complete wave fragmentation, thereby 
rendering the structural impact dynamics of the 
fragmented tsunami wave more intricate 39). Figures 4e 
and 4f present the visual results of tsunami waves 
interacting with sea-dike structures of differing heights, 
specifically 40 mm (MT004) and 60 mm (MT006). The 
visual analysis clearly demonstrates the significant impact 
of the sea-dike in attenuating the tsunami wave energy. 
Notably, a considerable portion of the tsunami wave 
energy was reflected by the sea-dike structures, as 
indicated by the prominent yellow arrows. Additionally, a 
smaller amount of energy surmounted the sea-dike wall, 
depicted by thinner yellow arrows. The MT006 scenario, 
featuring a 60 mm high sea-dike, was particularly 

effective in reducing the wave height as it approached the 
model houses. Moreover, turbulence observed as the 
waves interacted with the sea-dike contributed to further 
dissipation of the tsunami's energy. 

 
3.1 The highest recorded amplitude of tsunami waves 

at each wave gauge location 
Figure 6 presents a comprehensive visualisation of the 

maximum tsunami wave heights recorded at each wave 
gauge (WG) location, under various experimental 
conditions. This dataset elucidates the temporal and 
spatial fluctuations in wave heights, facilitating an in-
depth evaluation of the dynamic interactions of tsunami 
waves within the specified experimental setup. 

 

 

 
Fig 6. The tsunami wave heights for all scenarios at wave gauges (a) 2 - Before Mangrove, (b) 3 - After Mangrove, (c) 4 - After 

sea-dike, (d) 5 - After Ditch, (e) 6 - Before a building/house. 

0

10

20

30

40

50

60

70

80

90

100

0 50 100 150 200 250 300

S
ea

 S
ur

fa
ce

 h
ei

gh
t (

m
m

)

Time (s)

Existing

MM050

MM100

MM150

MT004

MT006

(a)

0

10

20

30

40

50

60

70

80

90

100

0 50 100 150 200 250 300

S
ea

 S
ur

fa
ce

 h
ei

gh
t 

(m
m

)

Time (s)

Existing
MM050
MM100
MM150
MT004
MT006

(b)

0

10

20

30

40

50

60

70

80

90

100

0 50 100 150 200 250 300

S
ea

 S
ur

fa
ce

 h
ei

gh
t 

(m
m

)

Time (s)

Existing

MM050

MM100

MM150

MT004

MT006

(c)

0

10

20

30

40

50

60

70

80

90

100

0 50 100 150 200 250 300

S
ea

 S
ur

fa
ce

 h
ei

gh
t 

(m
m

)

Time (s)

Existing

MM050

MM100

MM150

MT004

MT006

(d)

0

10

20

30

40

50

60

70

80

90

100

0 50 100 150 200 250 300

S
ea

 S
ur

fa
ce

 h
ei

gh
t 

(m
m

)

Time (s)

Existing

MM050

MM100

MM150

MT004

MT006

(e)

(c) 

- 2747 -



Physical Modelling Scenarios of Tsunami Wave Attenuation Induced by Variation of Mangrove Protection Width and Sea Dike 

 
Specifically, the figure illustrates the wave height 

outcomes from six distinct scenarios: the baseline 
condition, and modifications featuring mangrove widths 
of 50 cm, 100 cm, 150 cm, as well as sea-dike heights of 
40 mm and 60 mm, all monitored over a 300-second 
interval. Figures 6a and 6b detail the wave height profiles 
at WG2 and WG3, respectively, indicating a discernible 
reduction in wave heights for scenarios incorporating 
mangrove barriers as compared to the baseline condition. 
In contrast, the scenarios with sea-dike implementations 
exhibit an increase in wave heights, attributed to wave 
reflections off the embankments, as depicted in Fig.4. 
Notably, Figure 6c highlights that the most significant 
mitigation of tsunami wave height is achieved at WG4, 
positioned beyond the influence of the sea-dike, 
underscoring the effectiveness of the embankment in 
wave height reduction. 

 
3.2 Reduction Percentage 

The primary aim of conducting tsunami experiments 
with diverse coastal protection structures is to determine 
the effectiveness of these structures in reducing tsunami 
wave heights.  

 

 

 
Fig 7. Tsunami wave height reduction for all scenarios at wave 
gauges (a) 4 - After sea-dike, (b) 5 - After Ditch, (c) 6 - Before a 
building/house. 

 
According to the results presented in Fig. 7a, the most 

significant reduction in tsunami wave heights was 
observed at wave gauge WG4, situated immediately 
beyond the sea-dike. This reduction was most pronounced 
in the scenario featuring a 60 mm high sea-dike, 
underscoring its efficacy in mitigating the impact of 
tsunami waves. These observations align with the findings 
presented in Fig. 7, which indicates that the wave gauges 
at WG3, positioned 0.2 meters beyond the mangrove 
barrier, and WG5, situated just after the sea-dike, recorded 
the most significant reductions in tsunami wave heights. 
This evidence highlights the effectiveness of both 
mangrove and sea-dike interventions in diminishing the 
force and height of tsunami waves as they approach 
coastal structures. 

 

 
Fig 8. Summary of tsunami wave reduction for all scenarios 

at each wave gauge. 
 

At WG4, WG5, and WG6, the tsunami waves from the 
scenarios of the 40 mm and 60 mm height of sea-dike have 
been effectively attenuated, with a maximum reduction 
exceeding 80% (Fig. 7). Figure 8 provides a summary of 
the reduction in wave height at WG4, WG5, and WG6 for 
the overall scenarios. As observed in the figure, the sea-
dike scenario with a 60 mm seawall exhibits consistently 
optimal reduction values across WG4, WG5, and WG6. 

Based on the results of the tsunami wave reduction 
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