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Abstract

In coastal areas, the threat of tsunamis always remains, and these areas are highly affected
by tsunamis. After the 2011 earthquake and tsunami in Japan, researchers were
prompted to recognize that engineered hard elements like embankments alone are not
sufficient, so they shifted their focus to using vegetation as a natural protection system
with engineered elements to reduce tsunami energy. Trees not only reduce energy but
also help in reducing the depth of flowing water, and they are economically feasible and
environmentally friendly. In this study, we placed vegetation in a numerical model in a
staggered arrangement. We performed simulations in ANSYS FLUENT using the VOF
model, and after the water passed through the vegetative zone, the percentage of energy
reduction and the changes in velocity were observed. We set the domain under subcrit-
ical conditions (Fr=0.66), which represents a small-scale tsunami flow. From the model,
we observed a noticeable 25% reduction in energy as the flow passed through the vegeta-
tive region. When flowing water struck the stem, there was a sudden loss of velocity,
and at that point, the velocity became approximately equal to 0. After passing through
the vegetation, the depth also reduced by 55.2%. These results show that even small veg-
etation can affect the flow behavior of water. This study adds support for including veg-
etation in hybrid coastal protection strategies and may help guide future improvements.

Keywords: Tsunami mitigation, Coastal protection, Vegetation modeling, ANSYS FLU-
ENT, Numerical investigation, Flow energy reduction

1. Introduction

Understanding flow evolution within vegetated channels is essential for hydraulic
engineers. Vegetation plays a crucial role in shaping hydrodynamics of rivers, streams,
and man-made channels. The combined presence of tall and short vegetation patches
hasbeen shown to optimize energy dissipation in open channels. Coastal vegetation also
mitigates the impact of tsunamis and flood currents by reducing flow velocity and dissi-
pating energy. The type of vegetation and its installation position downstream of em-
bankments significantly influence flow characteristics and fluid forces. Historical stud-
ies have highlighted the importance of greenbelt and vegetative barriers in tsunami-prone
regions, particularly in the South Pacific.
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The effectiveness and limitations of tsunami control forests were first systematically
examined by Shuto. Mangrove forests in Banda Aceh, Indonesia, were observed to re-
duce tsunami damage through energy dissipation and localized flow control. Review
studies emphasize that vegetation bio shields provide sustainable mitigation solutions,
although their efficiency depends on density, species, and maintenance. Mangrove for-
ests also offer ecological benefits, contributing resilience against global climate change
while protecting coastal regions.

Experimental investigations of discontinuous vertically layered vegetation have
shown that such configurations significantly alter turbulent flow patterns in channels.
Vegetation played a protective role during the 2004 Asian tsunami by reducing flow en-
ergy and protecting infrastructure. Laboratory studies with synthetic canopies con-
firmed that vegetation density directly affects wave attenuation. Emergent vegetation of
varying thickness generates undular hydraulic jumps, enhancing energy loss in flow.
Flow structures around colony-type emergent roughness elements demonstrate that veg-
etation geometry influences drag characteristics and turbulence generation. Finally,
mangrove forests have been widely recognized for their ability to reduce wave heights
and dissipate energy in coastal regions.

2. Materials and Methods
2.1 Hydraulic Conditions

This study is based on numerically modeled channel developed in ANSYS Design
Modeler. To represent coastal defense system, cylindrical elements were introduced in-
side channel in a staggered configuration to represent vegetation trees. The flow condi-
tions were maintained in subcritical regime, Froude number kept <1. To capture interac-
tion between water-air, the region above water surface was modeled as air-phase in nu-
merically designed model, and a two-phase flow simulation was carried out by using Vol-
ume of Fluid techniques. Flow velocity was evaluated by using Froude No. relationship
[Fr= U/(g*Z)0.5] by considering the gravity and water depth Z(m). This numerical setup
allowed effective way for analysis of flow behavior and associated energy variations un-
der subcritical flow conditions.

2.2 Numerical Model (Details)

Numerical modeling was carried out using ANSYS FLUENT, where three-dimen-
sional model was developed. The 1/100 scale was set to represent better real field condi-
tions. Vegetation was modeled with an average diameter of 40 cm. In model, height of
vegetative cylinders was defined as HT, and total vegetation width (Wv) was maintained
at21.1 cm. According to 1/100 Scale, each cylinder had a diameter of 0.4 cm (R=0.2cm) and
was modeled as part of the Vegetative region. A total of 115 cylinders were arranged in
10 rows, with a center-to-center spacing D. This arrangement was intended to represent a
realistic coastal forest configuration. The detailed geometry and layout of model are illus-
trated in Figure 1 (A, B, C). Using the model, a complete analysis of velocity distribution,
water depth variations, and energy dissipation was performed. The vegetation conditions
and parameters are shown in Table 1. Entire setup was based on channel with dimensions
of 120 cm =length, 30 cm = width, and 15 cm = depth, and this modeling approach proved
effective for understanding of hydraulic effects of vegetation trees.
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Table 1.
Sr. Arrange- Channel Length Channel Channel Height D d Fr Wv Flow
No. ment [em] Width [em] [em] [em] [cm] Depth
[em] [em]
1 Staggered 120 30 15 2.3 0.4 0.66 21.1 6
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Figure 1. Details of Setup: (A) Sketch , (A)staggered Arrangement of Vegetation Cylinders, (C)

model of Vegetative Cylinders(3-dimensional)
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94 2.3 Numerical Model Setup:

95 For numerical model setup of this study, ANSYS Fluent was used, where a refined

96 mesh containing 0.35 million nodes was generated. A finer triangular mesh was applied

97 around vegetation cylinders to represent channel geometry more accurately and to better

98 capture flow details. Mesh quality was carefully checked to ensure numerical stability

99 and solution reliability. Boundary setup of channel is illustrated in Figure 2, where inlet
100 was defined as a velocity inlet and outlet was specified as a pressure outlet. The bound-
101 ary above water surface was also set as pressure outlet to allow free surface movement.
102 The channel side walls and bed were assigned wall conditions, while vegetation cylinders
103 were modeled as solid walls. After process of mesh generation, VOF was applied to track
104 water surface. To ensure result accuracy, absolute convergence criterion le-10-6 was
105 adopted. This numerical setup realistically simulates flow behavior and provides a sta-
106 ble and reliable analysis of hydraulic effects of vegetation trees in a coastal defense sys-
107 tem.

X
108
109 Figure 2. Boundaries setup of CFD Channel
110 3. Results
111 3.1 Depth-Averaged Velocity Distribution
112 In this study, a detailed analysis of depth-averaged velocity along the channel was
113 carried out, considering two different regions. The first region was the free-flow region
114 located before and after vegetation, while the second region consisted of the vegetative
115 region. At location X; = 39.8 cm, before vegetation, the velocity distribution was observed
116 to be nearly uniform, showing stable flow conditions. As water enters the vegetative re-
117 gion after X;, water directly interacts with the stems of vegetation cylinders. As a result of
118 this interaction, the velocity decreases significantly and, at some points, approaches ap-
119 proximately zero. Within the vegetative region, increased flow resistance and turbulence
120 lead to momentum loss. When water passes the end of the vegetative region at X, = 60.9
121 cm, the flow starts to recover. After this point, a gradual increase in velocity is observed.
122 These trends are clearly shown as a graphical representation in Figure 3(c), while velocity
123 contours are shown in Figure 3(b).
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Figure 3. Volume Fraction Distribution (Contour)(a), Velocity Contours(b), Graphical Repre-133

sentation of Depth-averaged velocity in Channel (c), Graph: Depth vs distance X (d)

3.2 Loss of Energy

The analysis of energy dissipation was carried out at two different sections where the

flow was stable before and after the vegetative region, as shown in Figure 4. The reduction

in energy (%) was calculated using

AE = (E; - Ez) / E1 x 100, where E; represents the total energy at the upstream section
consisting of Z; and the velocity head aV4?/2g.
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139 E; at the downstream section is composed of Z, and aV;?/2g, showing the flow con-
140 dition after passing through the vegetative zone. As water passed through the vegetative
141 zone, it encountered significant resistance and turbulence, which led to a noticeable re-
142 duction in kinetic energy.

143 Numerical results indicated that the total energy was dissipated by approximately
144 25 percent, which shows the effectiveness of vegetation. In addition, a clear change in
145 water depth was noticed, with a reduction of about 55.2 percent, as shown in Figure 3(d).
146 These observations indicate that vegetative barriers not only reduce flow velocity but also
147 effectively control flow depth and overall energy.

Section1 oo

Vegetation Model

|

; Section2
z :
‘ i i
VX o - o
148 Upstream=39.8cm Downstream=59.1cm
149 Figure 4. Schematic diagram of the CFD Channel
150 4. Discussion
151 Numerical results of the study clearly indicate that staggered vegetation significantly
152 modifies flow behavior under tsunami-like flow conditions. A noticeable reduction in ve-
153 locity was observed within the vegetative region, primarily due to increased drag and
154 turbulence. As the flow repeatedly interacts with vegetation stems, its momentum de-
155 creases, making the staggered arrangement more effective. The observed reduction in en-
156 ergy suggests that vegetation has the ability to absorb and redistribute kinetic energy. The
157 reduction in water depth downstream further contributes to flow attenuation and helps
158 reduce flood-related risks. These results also demonstrate that vegetation layout plays a
159 vital role in hydraulic performance. The VOF model effectively captured free-surface var-
160 iations and flow—vegetation interactions. Overall trends are consistent with observations
161 reported in earlier studies. In this research, vegetation was assumed to be rigid, which
162 represents a simplified condition. Future studies should consider flexible vegetation and
163 more complex flow scenarios for improved realism.
164 5. Conclusions
165 This research evaluates the performance of a coastal defense system based on staggered
166 vegetation under tsunami-like flow conditions. A CFD-based approach was employed
167 using ANSYS FLUENT with the VOF model to simulate free-surface flow. The analysis
168 focused on velocity distribution, energy dissipation, and variations in water depth. Re-
169 sults showed a clear reduction in flow velocity within the vegetative region. Total flow
170 energy was reduced by approximately 25%, indicating effective energy dissipation. In
171 addition, a significant reduction of about 55.2% in water depth was observed down-
172 stream of the vegetation zone. These findings confirm that staggered vegetation has a
173 strong hydraulic influence on flow behavior. Vegetation arrangement was identified as a
174 key factor in controlling flow dynamics. The study highlights the effectiveness of nature-
175 based solutions for coastal protection. The results provide valuable guidance for the de-

176 velopment of sustainable and hybrid coastal defense strategies.
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181 Abbreviations

182 The following abbreviations are used in this manuscript:
183 D Center-to-center gap between two cylinders
184 D Diameter of vegetative cylinder

185 Z  Water depth

186 Wv Width of Vegetation

187 Fr Froude Number

188 HT Tree Height

189 R Radius of Cylinder

190 K.E Kinetic Energy
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