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ABSTRACT

Tsunamis pose a serious threat to coastal areas, where rapid development increases the potential for
damage and loss of life. Effective mitigation measures are needed, including nature-based solutions
involving coastal vegetation. This study experimentally investigated the effectiveness of Hibiscus Tiliaceus
coastal vegetation in reducing tsunami bores generated by the dam-break method. Records of tsunami
bore characteristics are presented, along with reductions in tsunami bore height for various vegetation
widths and tsunami bore characteristics. The results show that H. tiliaceus vegetation effectively reduces
tsunami bore height through mechanisms of hydraulic resistance and energy dissipation. An increase in
the vegetation width ratio (Wv/hy) correlates with higher tsunami bore reduction coefficients and a greater
percentage of tsunami bore reduction. At a vegetation width (Wy) of 6 m and ho of 0.1 m, a 34.14%
reduction compared to the '"no-vegetation' conditions was observed. The R? values for the dimensionless
parameters of the tsunami bore reduction coefficient were R? = 0.4005 at ho = 0.08 m and R? = 0.6498 at h
= 0.1 m, indicating instability and the potential for overtopping of coastal vegetation, but a positive trend
was observed. These findings indicate that vegetation width, initial water depth, and tsunami bore
characteristics are crucial for planning ecosystem-based disaster risk reduction strategies in vulnerable
coastal areas.
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I.  INTRODUCTION

them potential tourist destinations. A large tsunami can

Tsunamis are ocean waves that can cause significant
damage to coastal areas, particularly when triggered by
earthquakes or volcanic activity [1]. The strength of a tsunami
approaching land is characterized by its kinetic energy and
hydrodynamic forces, which can have a significant impact,
including the potential for severe damage to coastal
morphology, coastal forests, and infrastructure in coastal and
inland areas [2]. Conversely, coastal areas are experiencing
rapid development due to their aesthetic appeal, which makes

inundate a substantial expanse of coastal terrain, thereby
engendering profound devastation to human life and property.
Therefore, it is significant to implement effective mitigation
measures to reduce the impact of this disaster. One such
measure is the use of coastal vegetation, the efficacy of which
depends on the tsunami’s height at the coast, the arrangement
of the vegetation, and its inherent resilience. Coastal vegetation
is an effective natural solution for catching debris generated by
tsunamis [3-5], providing buffer zones and escape routes for
people caught in a tsunami, and offering a natural ecosystem in
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the coastal environment [6]. However, it does not entirely
reduce the energy of a tsunami. Previous studies on the
effectiveness of natural protection systems have shown that
vegetation with sufficient width and density can effectively
dampen wave energy and adapt to rising water levels [7].

Research has demonstrated the significant role of the tree
Hibiscus Tiliaceus in tsunami mitigation, comparable to other
coastal vegetation such as Casuarina Equisetifolia and
Terminalia Catappa [8]. Similar findings were obtained
through simulations at Sissano Lagoon in Papua New Guinea,
which showed that the presence of H. tiliaceus can reduce the
tsunami hydraulic force by approximately 67%, with a scenario
of four large trees per 100 m? proving very effective at
reducing wave energy [9, 10]. Furthermore, the collection of
coastal vegetation data in Purworejo, Central Java, also
documented H. tiliaceus as one of the species capable of
providing natural protection from extreme waves [11]. Studies
on coastal ecology have shown that H. tiliaceus, as non-
mangrove vegetation, is highly effective at complementing
coastal vegetation, not only for protection against tsunamis but
also against storms and other extreme wave events [12, 13].
The results of additional experimental studies corroborate the
finding that vegetation density is substantial [14, 15]. An
increase in density attenuates wave transmission, underscoring
that H. tiliaceus is an integral element of vegetation-based
mitigation strategies to confront coastal disaster threats.

Besides the literature on coastal vegetation for tsunami
mitigation, there are several important limitations. Previous
experimental studies have mainly focused on a narrow range of
hydrodynamic conditions and limited spatial extents, often
conducted at prototype or near-prototype scales [16]. This
focus creates significant knowledge gaps in applying results to
real-world scenarios and to larger spatial scales. Furthermore,
much of the existing research is concentrated on exotic species
such as Casuarina equisetifolia and Pandanus odoratissimus
[17, 18]. Despite their use, the specific mechanisms of tsunami
attenuation remain insufficiently understood, and the Manning
roughness coefficients exhibit substantial variation across
different studies and vegetation types [19].

The ecological implications of relying on these exotic
species raise serious concerns. For instance, Casuarina
plantations have been shown to accelerate dune fixation,
suppress native psammophilous species, and destroy sea turtle
nesting habitats, ultimately reducing overall coastal
biodiversity [20-22]. These findings underscore the need for
native alternatives that can provide effective tsunami mitigation
without compromising long-term ecological sustainability. In
this context, H. tiliaceus represents a promising native species
that has received limited scientific attention. Unlike
mangroves, which are restricted to intertidal mudflats, H.
tiliaceus is a versatile species documented for its ability to
fortify natural protection across diverse tropical coastal regions
while supporting local biodiversity [20, 23]. Quantitative data
on the species-specific attenuation capacity of H. tiliaceus,
particularly regarding the influence of its unique stem structure,
canopy density, and vegetation width, remain scarce [16]. This
lack of detailed physical data aligns with [24], which
emphasized that the effectiveness of nature-based solutions is

primarily dependent on the precision of environmental
parameter mapping. Without metrics such as stem structure and
canopy density, which serve as crucial indicators for risk
management rather than mere additional variables, effective
protection strategies in coastal zones are challenging [25]. The
present study addresses these knowledge gaps through an
experimental investigation of the efficacy of H. tiliaceus in
mitigating tsunami bores.

II. MATERIALS AND METHODS

A. Experimental Setup

The laboratory studies were conducted at the Hydraulics
Laboratory of the Department of Civil Engineering,
Hasanuddin University, Indonesia. The experiments were
carried out in a flume measuring 15 m in length, 0.3 m in
width, and 0.45 m in height. Vegetation models were placed
after a 1:10 beach slope in the coastal land area. Tsunami
waves were generated in the flume using the dam-break
mechanism. This method is based on the ratio of the water level
in the reservoir (h;) to the initial water level (hg), between
which a dam-break gate is placed. The water height ratio
(hilhg) is indicative of the strength/magnitude of the tsunami
bore, with a fully developed bore (strong bore) characterized by
hyho > 2 and an undular bore by hyho < 2. The dam-break gate
was raised quickly using an 8 kPa pressurized pneumatic
system. As the dam-break gate began to elevate, water from the
reservoir (upstream) flowed behind it, forming a tsunami bore
directed toward the coast. The resulting tsunami bore persisted
until the bore length (L;) of 9.81 m was a non-decaying bore
[26, 27]. Table I shows the experimental conditions. The
Froude number, F, was determined as:

— U

F = . 1)

where ¢, = M is the long wave velocity in front of the
bore, and F > 1 is a positive bore surging. Using the
conservation of mass and momentum around the bore, the bore
strength can be related to uy, hy, and hy as [27]:

up _ o V1+8F2-3

o F\/1+8F2—1 @
hp _ (b 2 _1

h_o_(g) = (VI+8FZ-1) 3)

where ¢, = \/ghy is the bore celerity. The ratio between
the water depths on both sides of the gate can be calculated as a
function of bore strength:

c1 _ lup Cp

0 2e e @

In the present study, the water level was measured using a
wave probe connected to a computer running Eagle WVFW
software. The measurements were collected for 10.9 s at 100
Hz. The video camera used for recording was a DJI Osmo
Action 4, which recorded at 4 K. The dimensions of the
recording area were 0.45 m high and 4 m long. The research
facilities and equipment used are displayed schematically in
Figure 1.
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TABLE L EXPERIMENTAL CONDITIONS AND
VEGETATION CONFIGURATION
W,
(o) [0 () F hy (m) L-L,
0
0.1, [1.74,1.66, 1.58,1.50, 1.41,
82 0.08 | 1.96, 1.86, 1.77, 1.65, 1.57 0.34,0.31,0.28,0.25,0.22) 6

B. Vegetation Model

The vegetation model employed in the present study was
developed to emulate the characteristics of the Waru tree (H.

tiliaceus), which is widely encountered in coastal ecosystems.
Its trunk height and diameter can range from 5-15 m and 0.5
m, respectively. The H. tiliaceus trunk is characterized by its
hardwood, round shape, numerous branches, and brown color.
The trunk of H. tiliaceus depends on soil conditions, with a
strong correlation between soil fertility and trunk straightness.
To accommodate the limitations of the experimental flume, the
H. tiliaceus tree was replicated as a physical model at a 1:100
scale, with its morphological features maintained. The original
H. tiliaceus tree and corresponding model are depicted in
Figure 2.

Location of Wave
Probes
WP1 6.15m
WP2 4.65m
WP3 2m
WP1 WPz WP3 Lift
Gate
t
. r - : ‘
: — =110 3 ik m
L] ¥
1550 | 1450 | 1000 | 3750 -4 750

Camera

Wave probe Armfield PC

Fig. 1.

+ 0.06 M

— WEKD

“— NS00+

Fig. 2.

Hibiscus tiliaceus and the respective model used in the study.

The tree model, fabricated from synthetic materials, had the
following dimensions: 0.13 m tall, with a crown width of
approximately 0.05 m and a crown height of 0.08 m. The trunk
diameter of the model was 0.005 m. The parameters were
selected to ensure that the interaction between the tsunami
bores and the vegetation model could accurately describe the
relevant hydrodynamic phenomena at the field scale. To test
this, vegetation widths of 0.3 m and 0.6 m were used in the

Flume and experimental setup.

model. The parameters and placement configuration of the H.
tiliaceus coastal vegetation are illustrated in Table I and Figure
3.

III. RESULTS AND DISCUSSION

A. Characteristics of Tsunami Bores and Water Level
Fluctuations

In the context of their interaction with coastal vegetation,
tsunami bores alter water-level fluctuations behind the
vegetation. As demonstrated in Figure 4, the water level of the
tsunami bores decreased after passing through H. tiliaceus.

The water levels at vegetation widths of W, = 0.3 m and
W, = 0.6 m were lower than those in the condition without
vegetation. This phenomenon can be attributed to vegetation as
a natural barrier that increases hydraulic resistance to the
incoming tsunami bore, and to its structure, which provides a
larger contact area that inhibits flow and dissipates the tsunami
bore's energy.
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Fig. 3. Placement of coastal vegetation on the flume: (a) vegetation width
(W,) = 0.3 m, (b) vegetation thickness (W,) = 0.6 m, and (c) coastal vegetation
placement parameters for W, = 0.6 m.

As presented in Figures 4(b) and 4(c), the maximum water
level of the tsunami bore for the tsunami bore height ratio
(hp/hg) = 2 exhibits a relatively steep incline prior to reaching
the vegetation, in contrast to the h;, /h,= 2.25 scenario, where
the maximum water level of the tsunami bore presents a
relatively gentle incline and is located somewhat further away
before reaching the vegetation.

B. Reduction of Tsunami Bores
The reduction of tsunami bores was analyzed using the
reduction coefficient:

(Maverage WP3 — NaverageWP1)
G = ©)

Naverage WP3

where C, is the tsunami wave reduction coefficient,
Naverage W Ps 1s the water level height at WP; before vegetation
or the tsunami wave height (i), and Ngyerqge WP, is the water
level height at WP; as it propagates toward the land; if
vegetation is present, it represents the measured water level
height after vegetation.

1) The Effect of Vegetation Width (W,,/h;,) on Tsunami Bore
Reduction

Figure 5 shows the relationship between the vegetation
width ratio (W, /h,) and the reduction coefficient (C,) under

various conditions of tsunami bore height and initial water
level height ratio (h;,/hg). In general, both graphs show that an
increase in W, /h,, is typically followed by an increase in C
values, indicating that wider coastal vegetation is better at
reducing tsunami bores. This phenomenon is related to
increased flow resistance and energy dissipation due to the
interaction between the tsunami bore and vegetation
components (trunks and canopy). Figure 5(a) exhibits a
consistent trend in C, across all widths, with some values
showing minimal disparity, regardless of the thickness.
Compared with Figure 5(b) at W,/h, =3, the C, value
increases relative to W, /h, = 1.5.

Tsunami Bores «

Tsunami Bores «

& Tsunami Bores «

Tsunami Bores «

i Bores +

C——

Fig. 4. Tsunami bore characteristics at a time interval of 4.1 s with h, /h,
to be 2 and 2.25 when (a) W, =0 m, (b) W, =0.3 m, and (c) W, =0.6 m.

www.etasr.com

Amaliah et al.: The Effectiveness of Tsunami Bore Reduction by Hibiscus Tiliaceus Coastal Vegetation: ...



Engineering, Technology & Applied Science Research Vol. 16, No. 3, 2026, 37048-37055 37052

0.450
S
RS :
= -0
3
[~
= o
2
:%
o
-

0.000 0.500 1.000 1.500 2.000 2.500 3.000 3.500 4.000
Wv/hb
»»»» @ hb/ho=1.6 @ hb/ho=1.7 -@--hb/ho=1.8 -0+ hb/ho=19 --@-- hb/ho=2

0.450
. 0.400
S 0.350
S 02
- Inacl N N — P ——— o
E 0.250 Queeeersemmsnareess
= 0.200 P YT SRS O s UL UUUUPP IR PSS S RIS L -Q -
‘7 0.150 9 ° .
B 0,100 @ PR SRR BU—
-

0.050

0.000

0.000 0.500 1.000 1.500 2.000 2.500 3.000 3.500 4.000 4.500
Wv/hb
----- @ hb/ho=1.75 @ hb/ho=1.875 ~+©-- hb/ho =2 hb/ho =2.125 @+ hb/ho = 2.25'

Fig. 5.
2.0, and (b) hy/he= 1.75, 1.875, 2.0, 2.125, 2.25.

The impact of the tsunami bore height ratio (hy,/hy) shown
in Figures 5(a) and 5(b) on the C, indicates that the relative
differences in C, values across all variations are linearly
correlated. This finding aligns with previous studies that assert
the influence of tsunami bore characteristics on vegetation
effectiveness. Specifically, these studies indicate that in cases
of substantial tsunami bore conditions, the initial water-level
characteristics persist as significant factors, even in the
presence of dense coastal vegetation [7, 17, 28, 29].

2) The Effect of Vegetation Width on the Dimensionless
Parameter of the Tsunami Bore Reduction Coefficient
("% /o))

The relationship between vegetation width and the
dimensionless tsunami bore reduction coefficient (C,%°/
(hp/he)*>) is presented in Figure 6, which shows that H.
tiliaceus can attenuate tsunami bores with an attenuation
coefficient ranging from 0.11 to 0.34. This analysis revealed a

Effects of vegetation width ratio and (W, /h,) on the reduction coefficient (C,) and the tsunami bore height ratio (h, / hy): (@) hy / hy=16,17,18,19,

linear correlation among C,, vegetation width ratio, and initial
water depth, consistent with the theory that energy dissipation
increases with coastal vegetation width [7, 30]. However, this
effectiveness is highly influenced by the hydrodynamic
conditions. At iy = 0.08 m, the gentle slope of the graph and
lower correlation value (R?> = 0.4005) indicate that higher
tsunami energy can overcome the vegetation’s hydraulic
resistance. This phenomenon of reduced effectiveness at high
energy levels aligns with the performance of nature-based
solutions [28, 29]. Conversely, the stronger performance at Ay =
0.1 m (R? = 0.6498) confirms that while H. tiliaceus is a natural
mitigation measure capable of attenuating bore tsunamis; the
plant’s mitigation efficiency is highly dependent on the energy
flux and height of the incoming tsunami bore, thus requiring
precise calculations of hydrodynamic parameters in coastal
protection planning.
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Fig. 6. Dimensionless reduction coefficient (Cr("5 / (hb/hg)l's) in terms of the width of vegetation at the bore tsunami height (W, /h;), and initial water level
height (hy).
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3) Percentage of Tsunami Bore Reduction

Figure 7 shows that variations in coastal vegetation width
(W,,/hy) and the ratio of tsunami bore height to the initial water
level (hy/hg) affect the percentage reduction in the tsunami
bore height. As demonstrated in Figure 7(a), for the first
condition (hy, /h, ranging from 1.6 to 2.0), the vegetation width
of W, /hy= 6 resulted in the highest reduction, ranging from
19.36% to 34.14%. This is followed by W, /hy = 3 with lower
values ranging between 18.53% and 33.56%. In the second
series, h;, /hy ranges from 1.75 to 2.25, as portrayed in Figure
7(b), W, /hy = 7.5 resulted in a reduction to 12.68% and
28.97%, while W,/hy = 3.75 decreased from 11.36% to
27.61%. The "no vegetation" case (W, /hy= 0) serves as a
reference for natural attenuation due to bed friction and
distance, which reaches up to 30.8% at hy,/hy, = 2.0 for the
maximum tsunami bore height. The additional reduction from
vegetation, although shown as a small slope in the linear
regression, indicates a positive trend: as vegetation width
increases, energy dissipation increases. This result is in line
with [7, 30-33] stating that greater vegetation width is more
effective at dissipating wave energy [7, 30-33].

IV. CONCLUSIONS

This experimental study demonstrates that the coastal
vegetation Hibiscus tiliaceus can reduce the force of tsunami
bore waves through energy dissipation mechanisms, while also
filling a knowledge gap by providing experimental data on the
hydrodynamic attenuation of the tropical species H. tiliaceus,
which has previously been understudied compared to other
species such as Casuarina equisetifolia. The analysis shows that
an increase in the relative width of vegetation linearly increases
the reduction coefficient (C,) and the percentage of height
reduction because a wider coastal vegetation generates higher
drag forces and reduces flow velocity. Attenuation is also
evident at an initial water depth (hp) = 0.1 m and under
maximum tsunami bore height conditions. A relative
vegetation width (W,/ho) = 6 results in a reduction of 34.14%, a
higher attenuation compared to the "no vegetation" condition.
As the vegetation width increases, the tsunami bore energy
dissipation increases. Furthermore, this study highlights the
importance of evaluating effectiveness using a nondimensional
parameter based on the tsunami bore energy flux scaled by
hy', thereby further supporting previous theories that the initial
characteristics of the tsunami bore significantly impact
mitigation effectiveness, even in dense coastal forests. Despite
data variability, as indicated by R? values ranging from 0.4005
to 0.6498, reflecting turbulence and the potential for tsunami
bores to overtop coastal vegetation, the positive trend confirms
that H. tiliaceus can serve as a natural tsunami mitigation
measure. Optimizing vegetation width and understanding the
characteristics of incoming tsunami bore waves are crucial for
the success of ecosystem-based tsunami mitigation strategies in
vulnerable coastal areas.

DECLARATION OF COMPETING INTERESTS

The authors declare that they have no competing interests.

ACKNOWLEDGMENT

The authors would like to express their sincere gratitude to
the Indonesian Education Scholarship (BPI), Center for Higher
Education Funding and Assessment (PPAPT), and Indonesian
Endowment Funds for Education (LPPD) for fully funding the
current research. The Hydraulic and Coastal Laboratory, Civil
Engineering, Hasanuddin University, is acknowledged for its
support of this research.

DATA AVAILABILITY

The data supporting the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES

[11 B. R. Robke and A. Vott, "The tsunami phenomenon," Progress in
Oceanography, vol. 159, pp- 296-322, Dec. 2017,
https://doi.org/10.1016/j.pocean.2017.09.003.

[2] K. Udo, D. Sugawara, H. Tanaka, K. Imai, and A. Mano, "Impact of the
2011 Tohoku Earthquake and Tsunami on Beach Morphology Along the
Northern Sendai Coast," Coastal Engineering Journal, vol. 54, no. 1, pp.
1250009-1-1250009-15, Mar. 2012,
https://doi.org/10.1142/S057856341250009X.

[3] T. Amaliah, M. A. Thaha, R. Karamma, and M. P. Hatta, "Perlukah
Sistem Mitigasi Hibrid Untuk Bencana Tsunami?: Sebuah Tinjauan
Literatur," Konferensi Nasional Teknik Sipil (KoNTekS), vol. 1, no. 1,
pp. 96-101, Feb. 2024, https://doi.org/10.62603/konteks.v1il.11.

[4] G. A. Pasha and N. Tanaka, "Undular hydraulic jump formation and
energy loss in a flow through emergent vegetation of varying thickness
and density," Ocean Engineering, vol. 141, pp. 308-325, Sept. 2017,
https://doi.org/10.1016/j.oceaneng.2017.06.049.

[5S] N. Tanaka and A. Onai, "Mitigation of destructive fluid force on
buildings due to trapping of floating debris by coastal forest during the
Great East Japan tsunami," Landscape and Ecological Engineering, vol.
13, pp. 131-144, Jan. 2017, https://doi.org/10.1007/s11355-016-0308-4.

[6] N. Tanaka, Y. Sasaki, M. I. M. Mowjood, K. B. S. N. Jinadasa, and S.
Homchuen, "Coastal vegetation structures and their functions in tsunami
protection: experience of the recent Indian Ocean tsunami," Landscape
and Ecological Engineering, vol. 3, no. 1, pp. 33-45, May 2007,
https://doi.org/10.1007/s11355-006-0013-9.

[71 M. A. Thaha and A. B. Muhiddin, "The Combination of Low Crested
Breakwater with Mangroves to Reduce the Vulnerability of the Coast
Due to Climate Change," Asian And Pacific Coasts 2011, pp. 541-550,
Nov. 2011, https://doi.org/10.1142/9789814366489_0063.

[8] S. M. Rahayu and A. S. Andini, "Kajian Mitigasi Bencana Tsunami
Berbasis Vegetasi di Pantai Tanjung Aan, Lombok Tengah," bionature,
vol. 21, no. 1, Oct. 2020,
https://doi.org/10.35580/bionature.v21i1.15200.

[9] F. Dahdouh-Guebas, L. P. Jayatissa, D. Di Nitto, J. O. Bosire, D. Lo
Seen, and N. Koedam, "How effective were mangroves as a defence
against the recent tsunami?," Current Biology, vol. 15, no. 12, pp. R443—
R447, June 2005, https://doi.org/10.1016/j.cub.2005.06.008.

[10] B. Chatenoux and P. Peduzzi, "Impacts from the 2004 Indian Ocean
Tsunami: analysing the potential protecting role of environmental
features," Natural Hazards, vol. 40, no. 2, pp. 289-304, Jan. 2007,
https://doi.org/10.1007/s11069-006-0015-9.

[11] S. M. Rahayu, W. Wiryanto, and S. Sunarto, "Mitigasi Tsunami Di
Kabupaten Purworejo, Jawa Tengah Berbasis Keanekaragaman
Vegetasi," Fish Scientiae, vol. 6, no. 2, Feb. 2017, Art. no. 63.

[12] F. Danielsen et al., "The Asian Tsunami: A Protective Role for Coastal
Vegetation," Science, vol. 310, no. 5748, pp. 643-643, Oct. 2005,
https://doi.org/10.1126/science.1118387.

[13] Y. Mazda, M. Magi, Y. Ikeda, T. Kurokawa, and T. Asano, "Wave
reduction in a mangrove forest dominated by Sonneratia sp.," Wetlands
Ecology and Management, vol. 14, no. 4, pp. 365-378, Aug. 2006,
https://doi.org/10.1007/s11273-005-5388-0.

www.etasr.com

Amaliah et al.: The Effectiveness of Tsunami Bore Reduction by Hibiscus Tiliaceus Coastal Vegetation: ...



Engineering, Technology & Applied Science Research

Vol. 16, No. 3, 2026, 37048-37055 37055

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Y. Zhao, Z. Peng, Q. He, and Y. Ma, "Wave attenuation over combined
salt marsh vegetation," Ocean Engineering, vol. 267, Jan. 2023, Art. no.
113234, https://doi.org/10.1016/j.oceaneng.2022.113234.

T. Takabatake, M. Esteban, and T. Shibayama, "Simulated effectiveness
of coastal forests on reduction in loss of lives from a tsunami,"
International Journal of Disaster Risk Reduction, vol. 74, May 2022,
Art. no. 102954, https://doi.org/10.1016/j.ijdrr.2022.102954.

S. Baker, E. Murphy, A. Cornett, and P. Knox, "Experimental Study of
Wave Attenuation Across an Artificial Salt Marsh," Frontiers in Built
Environment, vol. 8, June 2022, Art. no. 893664,
https://doi.org/10.3389/fbuil.2022.893664.

N. A. K. Nandasena, N. Tanaka, and K. Tanimoto, "Tsunami Current
Inundation of Ground with Coastal Vegetation Effects: An Initial Step
Towards a Natural Solution for Tsunami Amelioration," Journal of
Earthquake and Tsunami, vol. 2, no. 2, pp. 157-171, June 2008,
https://doi.org/10.1142/S179343110800030X.

H. Zhang, M. Zhang, T. Xu, and J. Tang, "Numerical Investigations of
Tsunami Run-Up and Flow Structure on Coastal Vegetated Beaches,"
Water, vol. 10, no. 12, Dec. 2018, Art. no. 1776,
https://doi.org/10.3390/w10121776.

G. Kaiser, L. Scheele, A. Kortenhaus, F. Lgvholt, H. Romer, and S.
Leschka, "The influence of land cover roughness on the results of high
resolution tsunami inundation modeling," Natural Hazards and Earth
System Sciences, vol. 11, no. 9, pp. 2521-2540, Sept. 2011,
https://doi.org/10.5194/nhess-11-2521-2011.

R. A. Feagin et al., "Shelter from the storm? Use and misuse of coastal
vegetation bioshields for managing natural disasters," Conservation
Letters, vol. 3, no. 1, pp- 1-11, Feb. 2010,
https://doi.org/10.1111/j.1755-263X.2009.00087 .x.

T. Calva o, B. Fernanda Pessoa, and F. Cebola Lidon, "Impact of human
activities on coastal vegetation - A review," Emirates Journal of Food
and  Agriculture, vol. 25, no. 12, pp. 926-944, 2013,
https://doi.org/10.9755/ejfa.v25112.16730.

T. G. Pereira and D. M. D. Abreu, "Interaction between Vegetation and
Coastal Dunes: The Greening Phenomenon in the Peré Dune Field, Cabo
Frio (RJ)," Revista Brasileira de Geomorfologia, vol. 26, no. 4, Sept.
2025, Art. no. 2718, https://doi.org/10.20502/rbg.v26i4.2718.

D. Mardiatno, "A proposal for tsunami mitigation by using coastal
vegetations," Journal of Natural Resources and Development, vol. 3, pp.
85-95, July 2013, https://doi.org/10.5027/jnrd.v3i0.07.

Juliastuti, Y. Wijayanti, A. A. S. Gunawan, E. Irwansyah, and S.
Wulandari, "Nature-Based Solutions for Flood Mitigation in
Metropolitan Areas," Engineering, Technology & Applied Science
Research, vol. 14, mno. 6, pp. 18896-18901, Dec. 2024,
https://doi.org/10.48084/etasr.9070.

A. L. Fathah, B. Semedi, F. C. Wardana, and A. Isdianto, "Remote
Sensing-Based Estimation of Mangrove Above-Ground Carbon Using
Sentinel-2 Vegetation Indices and Random Forest," Engineering,
Technology & Applied Science Research, vol. 15, no. 6, pp. 29598—
29604, Dec. 2025, https://doi.org/10.48084/etasr.14335.

I. Barranco and P. L.-F. Liu, "Run-up and inundation generated by non-
decaying dam-break bores on a planar beach," Journal of Fluid
Mechanics, vol. 915, May 2021, Art. no. A8,
https://doi.org/10.1017/jfm.2021.98.

D. B. P. Allo, Y. Hsiao, and S.-C. Hsiao, "Experimental study of
tsunami-bores impact on the elastic emerged plate," Ocean Engineering,
vol. 313, no. 1, Dec. 2024, Art. no. 119444,
https://doi.org/10.1016/j.oceaneng.2024.119444.

C. Chen, C. Peng, N. A. K. Nandasena, and H. Yan, "Experimental
investigation on tsunami impact reduction on a building by a Mangrove
forest," Estuarine, Coastal and Shelf Science, vol. 301, June 2024, Art.
no. 108756, https://doi.org/10.1016/j.ecss.2024.108756.

A. Hoque, S. Husrin, and H. Oumeraci, "Laboratory studies of wave
attenuation by coastal forest under storm surge," Coastal Engineering
Journal, vol. 60, mno. 2, pp. 225-238, Apr. 2018,
https://doi.org/10.1080/21664250.2018.1486268.

N. Tanaka, N. A. K. Nandasena, K. B. S. N. Jinadasa, Y. Sasaki, K.
Tanimoto, and M. I. M. Mowjood, "Developing effective vegetation

[32]

[33]

bioshield for tsunami protection," Civil Engineering and Environmental
Systems, vol. 26, no. 2, pp. 163-180, June 2009,
https://doi.org/10.1080/10286600802435850.

M. A. Rahman, N. Tanaka, and N. Reheman, "Experimental study on
reduction of scouring and tsunami energy through a defense system
consisting a seaward embankment followed by vertically double layered
vegetation," Ocean Engineering, vol. 234, Aug. 2021, Art. no. 108816,
https://doi.org/10.1016/j.oceaneng.2021.108816.

N. Ba Thuy, K. Tanimoto, N. Tanaka, K. Harada, and K. limura, "Effect
of open gap in coastal forest on tsunami run-up—investigations by
experiment and numerical simulation," Ocean Engineering, vol. 36, no.
15-16, pp- 1258-1269, Nov. 2009,
https://doi.org/10.1016/j.oceaneng.2009.07.006.

H. Zhang, M. Zhang, Y. Ji, Y. Wang, and T. Xu, "Numerical study of
tsunami wave run-up and land inundation on coastal vegetated beaches,"
Computers & Geosciences, vol. 132, pp. 9-22, Nov. 2019,
https://doi.org/10.1016/j.cageo.2019.06.010.

www.etasr.com

Amaliah et al.: The Effectiveness of Tsunami Bore Reduction by Hibiscus Tiliaceus Coastal Vegetation: ...



