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Abstract

This research addresses the use of vegetation as a bio-shield for mitigating flood water
flow. Mostly single-layer vegetation is often used; this paper investigates whether double-
layered vegetation would be more effective. A numerical model using Computational
Fluid Dynamics (CFD) in ANSYS Fluent was explored to simulate water flow through
various vegetation setups. The model was built on the Volume of Fluid (VOF) method
and was validated against experimental data. The behavior of single- and double-layered
rigid vegetation under different vegetal density conditions and flow rates has been inves-
tigated in this study. Results demonstrate that an increase in water level upstream, which
indicates significant flow resistance, is strongly enhanced by dense and double-layered
vegetation. The flow velocity within and directly behind the vegetation zone is strongly
reduced. However, the most important finding is the sharp increase in the water speed in
the gap regions beside the patches. Generally, double-layered vegetation can slow down
the flow and dissipate its energy; hence, it is less likely to be damaged. It is concluded that
a vertically double-layered vegetation system is more resilient and efficient in being a bio-
shield for mitigating flood impacts on riverbanks and coastal areas than a single layer is.
Future work may focus on the optimization of the arrangement of the vegetated patches,
considering gaps with inclinations, to better control high-velocity zones for improving the
design in real-world applications.

Keywords: Computational fluid dynamics; Double layered vegetation; Volume of fluid
method; Flood mitigation; Velocity reduction

1. Introduction

The increasing frequency and intensity of global flood events are part of the growing
threats of climate change to infrastructure, ecosystems, and human populations world-
wide [1, 2]. In effect, the urgent need for effective and sustainable flood risk mitigation
options precipitates. Traditional "hard engineering" methods involve generally expensive,
ecologically disruptive measures such as concrete dikes and seawalls, which may fail un-
der extreme conditions [3]. In response, Nature-Based Solutions are gaining prominence
for their dual benefits of flood mitigation and ecological restoration, especially through
the strategic use of riparian and coastal vegetation, commonly called bio-shields [4]. Veg-
etation naturally obstructs the flow and increases hydraulic resistance, therefore decreas-
ing the flow velocity of floodwaters and consequently reducing the forces exerted on
banks and coastal protection structures [5, 6]. Hydrodynamics of flow through emergent
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and submerged rigid vegetation have been one of the main areas of interest for years.
Most of these studies have focused on the relationship between stem density, height, and
stiffness and bulk flow properties such as drag and turbulence [7, 8]. Most of the historical
research and models have focused on simple, uniform single-layer vegetation patches to
characterize drag coefficients and energy dissipation rates [9].

Thus, with the help of CFD, such complicated interactions of flow and vegetation are
investigated more accurately and economically [10]. Numerical models, generally using
the VOF method for tracking the air-water interface in complicated free-surface flows over
and through vegetation canopies, have been utilized [11, 12]. CFD simulations have suc-
cessfully validated experimental observations related to high-resolution data on velocity
profiles, turbulence kinetic energy dissipation, and water level changes for single-layer
setups [13]. While literature indeed supports flow attenuation by single-layer vegetation,
its limitation mainly pertains to its resilience and performance under high-flow condi-
tions. A single regular layer may be uprooted or suffer structural damage and might not
provide consistent drag over the entire water column at deeper flood stages [14]. Moreo-
ver, complicated flow phenomena are introduced by this kind of geometry, such as the
jetting with high velocities in the gap regions between patches, which can enhance erosion
flanking a patch [15]. This study proposes that a two-tier vegetation setup-a second, usu-
ally denser layer just behind the first-can significantly enhance flow resistance and dissi-
pate more energy while strengthening the overall structure more than could be achieved
with one layer. The study addresses a specific gap in existing literature since there has not
been any detailed CFD analysis quantifying how different density pairs interact with var-
iable discharges to affect the hydraulic performance of such a double-layer setup. In single
layer vegetation barrier, trees located at the downstream section are susceptible to damage
by high velocity of flood water. Thus, recent researchers have recommended double lay-
ered vegetation defense system, schematics have been illustrated in Figure 1.
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Figure 1. Schematic side view diagram for continuous forest model with (a) Single Lay-
ered, and (b) Double layered vegetation.
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71 2. Literature Review
72 This study concludes that increasing the density of the short vegetation layer in the
73 upstream located vegetation model (UM) increases flow resistance by narrowing the pas-
74 sage of fluid flow, resulting in an increase in backwater rise upstream of the UM and a
75 significant reduction in inundation depth downstream of the DM, resulting in a signifi-
76 cant loss of flow energy [16]. In this work the hydrodynamics of submerged flexible veg-
77 etation with or without foliage is investigated by using a 3D numerical model. Flexible
78 vegetation is modeled by momentum sink terms, with the velocity-dependent stem height
79 determined by a large deflection analysis which is more accurate than the previously used
80 small deflection analysis. The effect of foliage on flow resistance is expressed in terms of
81 the change in the product of the drag coefficient and the projected area, which is sup-
82 ported by available experimental data. The computed results show that the vertical pro-
83 files of the mean horizontal velocity and the vertical Reynolds shear stress are correctly
84 simulated [17]. This research included a comparison of flow structures and energy loss in
85 a single patch of finite length, layered (single or double layer with gaps), and continuous
86 (full width) vegetation models. The results showed that the loss of energy in horizontally
87 layered vegetation models (single and double horizontal layers) was greater in double
88 horizontally layered vegetation layouts [18]. In this study, the experimental data were
89 used to validate a three-dimensional Reynolds stress turbulence model, which was then
90 used to investigate the properties of flow through vertically double-layered and discon-
91 tinuous vegetation patches that occupy both sides of an open channel with different patch
92 patterns—linear and staggered. The results show that the sheltering impact of vegetation
93 patches reduces flow velocities within the gap zones, which is much larger for the flow
94 through the staggered patch pattern than for the flow through the linear pattern [19]. In
95 this research, a layer of short, submerged trees with varied porosity (Pr=98%, 95%, 91%,
96 and 79%) was coupled/incorporated and tested with tall emergent trees to improve the
97 efficacy of the coastal forest. Rather than a continuous forest belt, the results showed that
98 the forest in discontinuous placement generated resistance to the flow by significantly
99 raising the backwater increase in the upstream region and reducing the energy of the tsu-
100 nami current in the downstream region [20]. In this study, a CFD model was used to re-
101 produce steady-state flow in a vegetated channel. The standard volume of fluid (VOF)
102 method was used to track free surface evolution. Turbulence structures were captured
103 using the renormalized groups (RNG) model after performing sensitivity analyses on tur-
104 bulence models and mesh resolution. The model was validated using experimental data
105 from literature. The results showed that the model could efficiently reproduce the flow
106 velocity in free zones and within the vegetated area [21]. In this study, the mitigation ef-
107 fects of double-layer vegetation were investigated experimentally, paying special atten-
108 tion to the reduction of velocity and fluid force within and behind the vegetation. Experi-
109 ments were conducted in a flume under a quasi-steady subcritical flow condition with a
110 high inundation depth. The double-layer vegetation produced a large water rise in front
111 of the vegetation and entrained a large amount of air bubbles in the flow behind the veg-
112 etation. The double-layer vegetation generated a mild water gradient behind the vegeta-
113 tion which prevented the direct collision between the ground and flowing water. In com-
114 parison with single-layer emergent vegetation, the double-layer vegetation reduced the
115 velocity near the ground in front, within, and behind the vegetation by maximums of 18%,
116 74%, and 33%, respectively [22]. This study performed flume tests to elucidate the mitiga-
117 tion effect of a hybrid defense system comprising an embankment model (EM), followed
118 by different types of single- layer emergent forest models (SLM) or vertical double-layer
119 forest models (DLM). Different types of hydraulic jumps were observed within the de-

120 fense system, jump position and their characteristics dominated the energy reduction
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121 downstream of SLM or DLM. Experimental results showed that this hybrid defense sys-
122 tem reduced the flow energy to 30% and 40% of maximum for SLM and DLM, respec-
123 tively, compared to only the single EM. Moreover, the position of the hydraulic jump was
124 near the EM in the combination of EM and DLMs [23]. In this study, a computational
125 method is used to investigate the flow properties and turbulence characteristics through
126 discontinuous and vertically double layered vegetation patches of finite width in an open
127 channel. A three-dimensional Reynolds stress turbulence model was implemented utiliz-
128 ing FLUENT (ANSYS). After the validation of the numerical model, flow characteristics
129 were investigated against varying vegetation density (St/d and S s/d, where St =spacing
130 between taller vegetation elements, d=diameter of vegetation, S s=spacing between
131 smaller vegetation elements) and vegetation patch width. Various profiles and contour
132 plot distributions of mean stream-wise and depth averaged velocities, turbulent kinetic
133 energy and turbulent intensities at specified critical locations and sections simulated by
134 the model are presented in this paper [24]. This paper studies the effects of different types
135 and configurations of double layer vegetation on the flow of open channels. The vegeta-
136 tion is simulated through cylindrical dowels with a diameter of 6.35 mm and heights of
137 10 and 20 cm, which represent short and tall dowels, respectively. Profiles for instantane-
138 ous velocities were obtained by acoustic Doppler velocimetry (ADV) at different locations
139 around vegetation with multiple staggered and linear formations. The experiment covers
140 a wide range of sparse to dense vegetation configurations. Furthermore, different flow
141 depths were selected to simulate fully submerged cases for short vegetation and to cap-
142 ture the inflection of velocity over the mixing region between short and tall dowels [25].
143 This study predicts how the Free Surface Level (FSL) variations around finite length veg-
144 etation affects flow structure by using a numerical simulation. The volume of fluid (VOF)
145 technique with the Reynolds stress model (RSM) was used for simulation. Multizone Hex-
146 ahedral meshing was adopted to accurately track the free surface level with minimum
147 numerical diffusion at the water— air interface. After the validation, finite length emergent
148 vegetation patches were selected based on the aspect ratio (AR = vegetation width-length
149 ratio) under constant subcritical flow conditions for an inland tsunami flow [26].

150 2.1. Scope of study

151 This work investigates the hydraulic performance of a double-layer arrangement of
152 rigid vegetation in contrast to single-layer arrangements for various flow rates and plant
153 densities. Using a validated CFD model that utilizes the VOF method within ANSYS Flu-
154 ent, the increase in upstream water level is quantified, as well as the velocity reduction
155 and energy dissipation within the vegetation area. The most salient part of the discussion
156 concerns the flow in the gaps between patches, where indeed the double layer proved
157 more robust in terms of a substantial increase in discharge capacity and damping effects
158 on floods.

159 3. Methodology

160 The methodology for this investigation centers on a CFD approach to modeling the
161 complex hydrodynamics of flow through vertically layered rigid vegetation. All simula-
162 tions were performed using ANSYS FLUENT, employing the VOF two-phase model to
163 accurately track the air-water free surface as illustrated in Figure 2. The turbulent charac-
164 teristics of the flow were resolved using the Reynolds Stress Model (RSM), which is suit-
165 able for capturing the anisotropy and complexity of the flow structures induced by the
166 vegetation. The computational domain represented a section of a rectangular open chan-
167 nel, with dimensions of 1.5 m in length and 0.7 m in width, and an initial simulated water
168 depth of 4.5 cm. To ensure efficient and accurate computation, a multizone meshing tech-

169 nique was applied. Crucially, the numerical model was subjected to a rigorous validation
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170 process against pre-existing experimental data obtained from a laboratory setup at
171 Saitama University, Japan, under sub-critical flow conditions (Fr. no = 0.73). The valida-
172 tion focused on a single-layer, intermediate density vegetation case (G/d = 1.09), compar-
173 ing the numerical outputs for the longitudinal Free Surface Level (FSL) distribution and
174 the vertical distribution of streamwise velocity at both upstream and downstream loca-
175 tions.
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176
177 Figure 2. Overview of CFD modeling of flow through vegetation.
178 Following validation, the study systematically investigated five primary vegetation
179 configurations across three different flow rates. The rigid vegetation was modeled as cyl-
180 inders with two distinct heights: L1 (10 cm) and L2 (5 cm). The five cases included three
181 single-layer vegetation (SLV) setups: Sparse (G/d=2.125), Intermediate (G/d=1.09), and
182 Dense (G/d=0.25), and two vertically double-layered vegetation (DLV) setups. The DLV
183 configurations paired a Sparse L1 layer (fixed at G/d=2.125) with either a Sparse L2 layer
184 (G/d=1.65) or an Intermediate L2 layer (G/d=0.56).
185 Each of these five physical setups was simulated under three distinct hydraulic con-
186 ditions, characterized by initial Froude numbers of 0.5, 0.7, and 0.9, corresponding to ini-
187 tial flow velocities of 0.332, 0.465, and 0.598 m/s, respectively. The output data, including
188 3D free surface variations, velocity distributions, and turbulence characteristics, were ex-
189 tracted and analyzed both within and immediately downstream of the vegetated zones,
190 with a specific focus on characterizing the flow acceleration in the critical gap regions be-
191 side the patches.

192
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193 4. Results and Discussion

194 Free surface profiles along channel length taking the longitudinal section (LS1) are
195 shown in Figures 3, 4 & 5. All these profiles are shown in 2-D water-air volume fraction
196 where the blue color is air fraction, and the red color is water fraction. For a sparse single-
197 layered vegetation model, the water surface profile upstream, within vegetation, and
198 downstream has no considerable effect. When the vegetation becomes dense, the backwa-
199 ter rise is more in front of vegetation, and the water surface drawn down is also increased
200 when water passes through vegetation. A hydraulic jump is developed downstream in
201 the sparse vegetation model, but the flow is smoother with a low water profile in the dense
202 vegetation model. Similarly, the backwater rise upstream of vegetation is high in the dou-
203 ble-layer vegetation model, but low in the single-layered sparse vegetation model. There
204 is a considerable drop in the water surface profile for double-layered vegetation model
205 and vegetation is also less susceptible to damage downstream of the vegetation model.

(At Fr=0.5)

0 30 60 90 120 150 0 30 60 90 120 150

0 30 60 20 120 150

0 30 60 920 120 150

(e)
206 Figure 3. Two-dimensional Water-Air volume Fraction, Case 1 (a); Case 2 (b); Case 3 (c);
207 Case 4 (d) and Case 5 (e).

(AtFr=0.7)
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0 30 60 920 120 150
(e)
208 Figure 4. Two-dimensional Water-Air volume Fraction, Case 1 (a); Case 2 (b); Case 3 (c);
209 Case 4 (d) and Case 5 (e).

(At Fr=0.9)

0 30 60 90 120 150 0 30 60 90 120 150

0 30 60 90 120 150 o 30 60 20 120 150

210 Figure 5. Two-dimensional Water-Air volume Fraction, Casel (a); Case 2 (b); Case 3 (c);
211 Case 4 (d) and Case 5 (e).
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The maximum decrease in velocity was noticed in dense and double-layered vegeta-
tion patches i.e. case (3) case (4) & case (5) at point (x1) due to the large number of cylinders
and high FSL. The results clearly show that dense or double-layered vegetation could ef-
ficiently decrease the velocity in front of vegetation as shown in Figures 7 — 9. At point
(x2), located within the vegetation patch, the maximum velocity reduction was observed
in dense or double-layered vegetation due to more resistance offered by a greater number
of cylinders. Similar, results can be seen at point (x3), at the end of vegetation. For all cases,
the velocity distribution in the vertical direction in the gap regions is also presented in the
same figures. Three points are taken in gap regions because gaps on both sides of vegeta-
tion cover are symmetrical, so results are identical.

The highest velocity reduction was observed in dense and double-layered vegetation
cases that offered more hydraulic resistance against the flow. However, the velocity has
critically increased downstream of vegetation gap regions due to the sharp diffraction of
flow when it moved through the vegetation. At the downstream of the vegetation zone,
the velocity reduction effect is not considerable in the case of spare vegetation, but it is
very prominent in dense and double-layered vegetation as shown in Figure 6. It shows
that vegetation density can effectively reduce the flow velocity during high floods. The
resisting effect of dense vegetation helps to decrease the velocity downstream the vegeta-
tion as compared to sparse vegetation.

5. Conclusion

This research aimed to understand the role of vertically single-layered and double
vegetation in reducing the flow velocity in front of vegetation, within the vegetation zone,
and behind the vegetation using numerical simulations. The numerical models are simu-
lated using ANSYS software and the VOF modeling technique was used to get air-water
interaction in the open channel. The dense vegetation model and double-layered vegeta-
tion increased the hydraulic resistance (free surface level increased in front of vegetation
compared to sparse vegetation and provided more energy reduction. The dense and dou-
ble-layered vegetation produced a shallow velocity within and downstream due to the
large resistance offered by vegetation. However, these models increased the velocity crit-
ically in the vegetation gap region downstream compared to the sparse vegetation model.
The bed erosion could be reduced due to reduced velocity in front, within vegetation, and
at the end of vegetation. So, the double-layered numerical model could be more efficient
in decreasing flow velocity in high floods. The double-layered vegetation may have a bet-
ter- mitigating ability as a bio shield against floods.
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5.1. Future Recommendation

These results are beneficial and provide basic information for considering the suita-
ble design of finite-length vegetation based on the Aspect Ratio (AR). Therefore, in the
future, more computational research should be conducted to analyze the flow properties
against the finite length emergent vegetation, with further varying configurations and
with some angled gaps to overcome the high-velocity zone at the edges of the vegetation
patch (observed in the wider patch configuration) and other ground conditions.
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