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Abstract: The frequency and intensity of devastating floods in Pakistan have been on the 19 

rise, attributed to the effects of climate change and unsustainable environmental condi- 20 

tions. To mitigate the risks associated with flooding, the implementation of flood protec- 21 

tion structures is crucial. However, these structures may fail if subjected to flow conditions 22 

exceeding their design limits. This research focuses on investigating the impact of vegeta- 23 

tion orientations on hydrostatic pressure and acceleration acting on a building model po- 24 

sitioned downstream of different vegetation arrangements. A series of experiments was 25 

conducted in which the vegetation array was positioned at various angles (90°, 60°, 45°, 26 

30°) relative to the flow direction. The objective was to analyze the dissipation of fluid 27 

pressure forces, acceleration of the modelled test structure, and the arrival time of flood- 28 

water at a specific location. The acceleration of the building model was measured using 29 

an X2-2 accelerometer attached to the test structure at the downstream side of the vegeta- 30 

tion. Two vegetation densities, namely intermediate (G/d = 1.09) and sparse (G/d = 2.13), 31 

where G is the spacing of each cylinder in the cross-stream direction and d is the diameter 32 

of the cylinder, were considered under different flow conditions, with several Froude 33 

numbers tested for each case. The findings revealed that a vegetation orientation of 90° 34 

relative to the main flow direction resulted in the most significant reduction in accelera- 35 

tion and hydrostatic pressure for both sparse and intermediate vegetation density scenar- 36 

ios. Furthermore, the arrival time of floodwater was observed to be higher for the 90° 37 

vegetation orientation. The analysis of standard deviation, mean, and range of energy 38 

dissipation demonstrated notable variations, indicating the influence of vegetation orien- 39 

tation on the dissipation process. In conclusion, this study underscores the importance of 40 

vegetation orientation in mitigating the effects of flooding. The results provide valuable 41 

insights for designing effective and sustainable flood management strategies, highlight- 42 

ing the significance of considering vegetation arrangements in enhancing resilience to the 43 

impact of Climate change. 44 

Keywords: Climate Change, Flood mitigation, Vegetation array, Flow-induced pressure, 45 

Acceleration, Floodwater arrival time 46 

 47 

Academic Editor: Firstname 

Lastname 

Received: date 

Revised: date 

Accepted: date 

Published: date 

Citation: To be added by editorial 

staff during production. 

Copyright: ©  2025 by the authors. 

Submitted for possible open access 

publication under the terms and 

conditions of the Creative Commons 

Attribution (CC BY) license 

(https://creativecommons.org/license

s/by/4.0/). 

mailto:mrankhosa462@gmail.com
mailto:mrankhosa462@gmail.com
mailto:afzal.ahmed@uettaxila.edu.pk
mailto:syed.saqib@uettaxila.edu
mailto:abdul.razzaq@qec.edu.sa
mailto:mvalyra@civil.auth.gr
mailto:fakharabbas@cuiatd.edu.pk
mailto:irfanqadirkhosa@gmail.com
mailto:irfanqadirkhosa@gmail.com
mailto:afzal.ahmed@uettaxila.edu.pk
mailto:mvalyra@civil.auth.gr
Underline
Experimental?

Underline

Underline
1) 90 degree orientation has maximum reduction in acceleration of what? And what percentage of reduction of hydrostatic pressure is seen in the following results?

Underline

Underline
It is vague statement. The influence of vegetation orientation cannot be summarized as notable variations in statistical analysis. It should be elaborated.



Water 2025, 17, x FOR PEER REVIEW 2 of 22 
 

 

1. Introduction 48 

Natural disasters, such as tsunamis, floods, and storm surges, have a significant im- 49 

pact on coastal regions [1]. Among these disasters, floods and tsunamis pose severe 50 

threats to infrastructure and residential buildings. Recent studies highlight the persistent 51 

threat faced by coastal communities, with annual floods claiming the lives of approxi- 52 

mately 20,000 individuals and impacting the livelihoods of 20 million worldwide [2]. Over 53 

the past few decades, Asian and European countries have experienced catastrophic floods 54 

and tsunamis, resulting in extensive damage to buildings and loss of human life [3]. The 55 

immense losses incurred by these calamities have spurred scientific research into both 56 

structural and non-structural defences against flood and tsunami devastation [4]. Previ- 57 

ous studies primarily focused on risk assessment through flood mapping of riverbeds and 58 

flood-prone areas. Over the past decade, researchers have investigated energy dissipation 59 

and flow behaviours across embankments using prototypes, numerical models, and ana- 60 

lytical techniques. A multitude of studies have explored combined defence systems, such 61 

as sea embankments and riparian vegetation, double embankment configurations, and 62 

the integrated defence approach of moat dikes with vegetation. This acknowledges the 63 

prohibitive cost and time requirements associated with artificial solutions, such as dams 64 

and canals, particularly for developing nations [5].  65 

However, the integrity of ecosystems has emerged as a critical factor in water man- 66 

agement challenges. Given the substantial capital investments required for hard struc- 67 

tures and their susceptibility to failure under extreme conditions, researchers have fo- 68 

cused on the synergy between hard and soft defences, particularly the interplay between 69 

building structures or hydraulic defences (such as concrete walls) and vegetation. Recent 70 

devastating floods in various regions have been characterized by the rapid inundation of 71 

entire floodplains following embankment failures [6, 7]. Vegetation acts as a natural bar- 72 

rier, absorbing a portion of the flood force and stabilizing the banks. Therefore, evaluating 73 

uncertainty in such phenomena is essential, as they challenge existing risk assessment 74 

paradigms rooted in historical and deterministic approaches [7-8].  75 

Riparian vegetation, as indicated by post-flood surveys, plays a crucial role in miti- 76 

gating flood energy and capturing debris, thereby reducing the destructive impacts of 77 

flooding. Analytical and experimental findings have underscored the significance of veg- 78 

etation density and geometry in diminishing flood energy [9]. Downstream of vegetation, 79 

a marked reduction in water level and velocity has been observed. Additionally, the ori- 80 

entation of vegetation relative to the main flow direction has a profound influence on flow 81 

parameters, including energy dissipation, approach time, and flow patterns [10-11]. To 82 

quantify energy dissipation through various vegetation densities, a series of experiments 83 

was conducted under diverse flow conditions [4]. The collision of water with plants weak- 84 

ens its force, resulting in a gentler impact on structures [12-13]. However, recent studies 85 

have highlighted that structural damage is significantly influenced by dynamic and im- 86 

pact loads induced by debris [2, 14, 15].  87 

Therefore, there is an urgent need to mitigate structural strain caused by flooding 88 

and assess the vulnerability of civil structures to dynamic loading [3-4]. Recent efforts 89 

have aimed at mitigating dynamic loads on structures by employing both natural (soft) 90 

and artificial (hard) solutions [7,16]. While several studies have explored combinations of 91 

defence systems, including sea embankments, riparian vegetation, double embankments, 92 

moat dikes with vegetation, and moats with or without vegetation, the high costs and 93 

protracted timelines associated with artificial solutions have deterred their adoption, es- 94 

pecially in developing nations [5, 17]. The safety of structures in floodplains constitutes a 95 

global challenge [18-19]. Persistent exposure to natural hazards, such as flooding, seismic 96 

activity, and weathering, poses the most significant threat to structural integrity [20-21]. 97 

Due to the importance of structures in human life, it is crucial to ensure ongoing 98 
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monitoring of their safety and performance [22-23]. An accelerometer model, X2-2, 99 

equipped with a high-sensitivity, rotating acceleration sensor, offers the capacity to collect 100 

crucial vibration data for calculating a structure's acceleration [24-26]. Using a USB accel- 101 

erometer, one can record a building's acceleration history, with the accelerometer func- 102 

tioning as both a sensor and data collector [27-29].  103 

While previous research has addressed the combined effects of vegetation and model 104 

structures on flood energy mitigation, the specific impact of vegetation arrangements on 105 

the acceleration of physical models remains unexplored. This study's principal contribu- 106 

tion lies in its investigation of the response of the physical structure downstream of a veg- 107 

etation array of different arrangements and densities, specifically in terms of its accelera- 108 

tion and the hydraulic pressure exerted on it. Additionally, the arrival times from the inlet 109 

to the model test area are also studied. 110 

2. Materials and Methods 111 

2.1 Experimental setup 112 

First, a physical model of the building was constructed using wooden tiles, while the 113 

vegetation array consisted of steel cylinders. After preparing the model, it was placed in 114 

the channel for experiments, and the depth in front of the model structure was measured. 115 

To investigate the various forces (impact and hydrostatic forces) acting on the model 116 

structure and its acceleration under different vegetation configurations and densities, as 117 

well as in the absence of vegetation, the following methodology was employed. 118 

Laboratory experiments were conducted in the glass-sided computerized channel at 119 

the Water Resources Laboratory of the Civil Engineering Department, University of En- 120 

gineering and Technology, Taxila. The channel has specific dimensions: it is 0.31 meters 121 

wide, 0.5 meters deep, and 10 meters in length, as illustrated in Figures 2.1(a) and (b). The 122 

channel's discharge was measured using a flow meter installed on the upstream side of 123 

the channel, as depicted in the diagram. The flow velocity was controlled by a pump speed 124 

controller located at the upstream end of the channel. Water depth was measured using a 125 

point gauge integrated within the channel. These experiments were designed to represent 126 

general ground and flood conditions and were not tied to any specific geographical loca- 127 

tion. 128 

(a)  
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Figure 2.1: (a) Open Channel laboratory Flume and (b) Schematic Diagram of experimental setup 

2.2. Vegetation configurations                    129 

Eucalyptus tree species were selected for the vegetation array, with an average tree 130 

length and trunk diameter ranging from 7.6 to 14.6 meters and 0.1 to 0.33 centimetres, 131 

respectively. Seven Froude numbers within the range of 0.18-0.25 were chosen for the ex- 132 

periments. Flow properties were observed using vegetation elements in the form of 0.3 133 

cm diameter steel cylinders. These cylinders were arranged in two patches at different 134 

vegetation orientations (90°, 60°, 45°, 30°) relative to the direction of the flow, covering 135 

half the width of the flume, as depicted in Figure 2.2(a). Researchers have employed plas- 136 

tic dowels or metal rods for modelling vegetation [6, 7], but, to avoid potential issues with 137 

using wooden rods of such small diameter, which might shatter or bend significantly dur- 138 

ing the experiment, steel cylinders are used. In this experimental study, the 3 cm diameter 139 

metal rods are used to represent model trees at a 1:100 scale [7]. Various orientations of 140 

the vegetation were examined, as shown in Figures 2.2(b, c). Initially, both vegetation and 141 

building models were placed perpendicular to the flow, and experiments were conducted 142 

under these conditions. Subsequently, the vegetation angle was adjusted to 90°, 60°, 45°, 143 

and 30° for each orientation, and experiments were conducted across all scenarios [7]. The 144 

acceleration of the building model, installed on the downstrea, was measured by attaching 145 

an X2-2 accelerometer to the physical model structure, as shown in Figure 2.2(d). The test 146 

building was rectangular, simulating a scaled-down physical model of a house at a scale 147 

of approximately 1:45, resulting in dimensions of 16.5 cm in length, 15.5 cm in width, and 148 

23 cm in height. This corresponds to a genuine building with dimensions of 742 cm in 149 

length, 698 cm in width, and 1035 cm in height. 150 

In all experimental cases, cylindrical vegetation dowels were used in a staggered pat- 151 

tern. The staggered arrangement was chosen for its higher flow resistance characteristics 152 

compared to a linear arrangement. Two vegetation densities were considered along with 153 

the third case of no vegetation: a sparse arrangement (denoted by "S") and an intermediate 154 

arrangement (denoted by "I"), depending on the G/d ratio within the vegetation array, 155 

where "d" is the diameter of the model tree (herein represented by a cylindrical dowel of 156 

0.3 cm in diameter) and "G" denoted the spacing between neighbouring cylinders. Thus, 157 

the G/d ratio of 1.09 indicates the intermediate density layout, while a G/d ratio of 2.13 158 

signifies the sparse density arrangement. Different numbers of vegetation dowels (here 159 
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denoted by "dn") are also used, resulting in two distinct thicknesses for the vegetation 160 

patch: one with dn = 180 and another with dn = 380. The following combinations are 161 

tested: two vegetation patch densities (S and I), two vegetation patch thicknesses (with 162 

180 and 380 number of vegetation elements), and four distinct orientations of the vegeta- 163 

tion patch relative to the main flow direction, resulting in 16 combinations of vegetation 164 

densities, which are compared to the bare (no vegetation) case, for seven flow conditions 165 

with distinct Froude numbers, resulting in a total of (16+1)*7 = 119 experimental combina- 166 

tions. 167 

An X2-2 accelerometer, featuring a rotating sensor with high sensitivity, is depicted 168 

in Figure 2.2(e). This accelerometer type is instrumental in gauging the dynamic forces 169 

acting on the model structure when it is subjected to sudden hydrodynamic loading. To 170 

capture the building's motion over time, a USB accelerometer can be employed [20]. The 171 

accelerometer serves as both a monitoring tool and a data collection device. Depending 172 

on the gain settings, it can record accelerations within the range of 1.25g to 2g. Addition- 173 

ally, the data recorder is operational within a temperature range spanning from -5°F to 174 

130°F (-20°C to 55°C). It has been specifically designed for tracking structural vibrations 175 

and seismic activity. With a 15-bit resolution, users have the flexibility to select sample 176 

rates of 8, 16, 32, 64, 128, 256, or 512 Hz [9,18]. 177 

 

 

Figure 2.2: (a) Detail arrangement of vegetation provided in a staggered arrangement (b, c) Angle vegetation in front of household 

in a flume. (d) Accelerometer installation on house model and (e) Accelerometer 

a

b c d e
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3. Results 178 

3.1. Flow-Induced Pressure 179 

The results illustrate the fluid pressure forces acting on the upstream face of the 180 

building model, both before and after the insertion of the vegetation array, under various 181 

flow conditions. Initially, flow parameters ranged from Fro = 0.18 to Fro = 0.25 in the ab- 182 

sence of any vegetation within the channel. It was observed that the pressure force in- 183 

creased nearly linearly with the Froude number. The trees, however, demonstrated their 184 

ability to offer resistance to the incoming floodwaters, thereby reducing their hydraulic 185 

force. The effectiveness of the model depends on the vegetation's ability to mitigate these 186 

fluid forces. Consequently, this study aimed to diminish fluid forces by modifying vege- 187 

tation orientations under different vegetation conditions. 188 

3.1.1. Effects of Vegetation Patch Density and Thickness 189 

Figures 3.1(a, b, c, d) and 3.2(a, b, c, d) illustrate the relationship between hydraulic 190 

pressure and Fro for the four distinct vegetation patch orientations (90°, 60°, 45°, 30°), both 191 

with and without vegetation. In these Figures, the notation for each case is represented by 192 

the first letter, e.g., "I", which indicates intermediate vegetation density, or "S" for sparse 193 

density. The 2nd number, e.g., 90 (60, 45 or 30), represents the orientation of the patch 194 

relative to the flow direction (in degrees), and the 3rd number, e.g., 180 or 380, represents 195 

the vegetation patch thickness (i.e., the value of dn), respectively. It is worth noting that, 196 

in addition to the Froude number, the arrangement of vegetation, including its density, 197 

has a significant influence on hydraulic pressure. When the density of the vegetation patch 198 

is increased from the case of dn = 180 to dn = 380, there is a corresponding increase in the 199 

hydraulic pressure dissipation. Consequently, for a given Froude number and vegetation 200 

patch density, the fluid pressure force is lower under an intermediate vegetation arrange- 201 

ment compared to a sparse vegetation arrangement, resulting in reduced hydrostatic pres- 202 

sure. This decrease in hydrostatic pressure can be attributed to the increased flow re- 203 

sistance associated with intermediate vegetation. However, it is important to note that the 204 

vegetation angle plays a role in reducing the fluid force and increasing the water depth. 205 

  206 
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Figure 3.1 (a, b, c, d). Shows the Effect of G/d, Pressure Force in dn=180 Vegetation 90, 60, 45 & 30 angles 
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Figure 3.2 (a, b, c, d). Shows the Effect of G/d, Pressure Force in dn=380 Vegetation 90, 60, 45 & 30 angles 

 208 

3.1.2. Effect of Angles and staggered arrangement  209 

Experiments were conducted to determine the effect of different angles of staggered. 210 

Figure 3.3(a, b, c, d) depicts the hydraulic pressure force versus Fro for four various veg- 211 

etation orientations (90°, 60°, 45°, 30°) and in the absence of vegetation. It demonstrates 212 

that decreasing the vegetation angle raises the hydraulic pressure upstream. The hydrau- 213 

lic pressure was found to be greatest in the absence of vegetation and lowest in an ar- 214 

rangement with vegetation at a 90° orientation. By increasing the orientation of the vege- 215 

tation patch relative to the flow, more obstruction is provided by the vegetation. Perpen- 216 

dicular vegetation offers increased resistance to water flow, thereby reducing the water 217 

depth on the upstream face of the building model. Consequently, the fluid pressure force 218 

decreases. Maximum hydraulic pressure force reduction observed for I90380 (with 219 
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vegetation in intermediate arrangement), and minimum pressure force reduction ob- 220 

served for the case without vegetation. 221 

 

 

Figure 3.3 (a, b, c, d). Shows the Effect of Angle, Pressure Force in Sparse & Intermediate Vegetation dn=180 & dn=380 

 222 

3.2. Acceleration of the Physical Model  223 

3.2.1. Effect of vegetation density and thickness 224 

The dissipation of the acceleration of the upstream wall of the model building, due 225 

to the presence of the vegetation array, was assessed using the aforementioned accelerom- 226 

eter. Figure 3.4(a, b, c, d) illustrates that reducing the spacing within the vegetation leads 227 
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to decreased acceleration. However, the angle of vegetation also plays a significant role in 228 

acceleration dissipation. 229 

 

 

Figure 3.4 (a, b, c, d). Shows the Effect of G/d, house acceleration in dn=180 Vegetation 90, 60, 45, 30 angles 

 230 

The highest percentage reduction in acceleration was observed for intermediate veg- 231 

etation at a 90° orientation. The results once again underscore the significance and impact 232 

of vegetation orientations and patch density parameters. Additionally, the results indicate 233 

that the dissipation of the acceleration of the physical model structure increases with the 234 

vegetation orientation increasing from 30° to 90°. In all the studied cases, the maximum 235 

acceleration dissipation was associated with a 90° angle (I90, I60, I45, I30) and an interme- 236 

diate vegetation patch (e.g., forest) arrangement with dn=380, as depicted in Figure 3.5(a, 237 

b, c, d). 238 
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Figure 3.5 (a, b, c, d). Shows the Effect of G/d, house acceleration in dn=380 Vegetation 90, 60, 45, 30 angles 

 239 

Comparatively, in the non-vegetated scenario, model-building acceleration dissipa- 240 

tion decreases as the spacing within the vegetation array increases. Furthermore, reducing 241 

the vegetation patch density from dn = 380 to dn = 180 also reduces the model building's 242 

acceleration dissipation due to the shorter span of the vegetation patch. This emphasizes 243 

the crucial role of vegetation patches of intermediate density, which effectively obstruct 244 

the flow approaching the inland region. The increased resistance provided by the 245 
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intermediate vegetation arrangement resulted in the highest total relative energy reduc- 246 

tion. In contrast, the least reduction was observed for sparse vegetation (G/d = 2.13) while 247 

maintaining constant vegetation patch thickness. 248 

These findings demonstrate that closely spaced vegetation can serve as a more effec- 249 

tive strategy against approaching inland floods. Therefore, the intermediate vegetation 250 

arrangement with a vegetation patch thickness of dn=380 and perpendicular vegetation is 251 

preferable to the sparse arrangement with a patch thickness of dn=180. On average, the 252 

model building acceleration dissipation for the four angles (90°, 60°, 45°, and 30°) in the 253 

intermediate arrangement was 22.1%. Similarly, in the sparse vegetation configuration, 254 

the average percentage reduction in the physical model structure acceleration due to the 255 

presence of the vegetation array was 21.8%. The maximum percentage loss of physical 256 

model structure acceleration was observed for the intermediate arrangement with I90380, 257 

as perpendicular vegetation provides greater hydraulic resistance than I60380, I45380, and 258 

I30380. The dn=380 vegetation patch model with an intermediate arrangement proves to 259 

be more resilient against these conditions. 260 

3.2.2. Significance of vegetation orientations in physical model structure acceleration  261 

Figure 3.6(a, b, c, d) illustrates the relationship between acceleration and Fro for four 262 

different vegetation orientations (90°, 60°, 45°, and 30°) to emphasise the importance of 263 

angle selection. The results demonstrate the significant role of vegetation in reducing the 264 

structural impacts on the physical model structure. In the case of dn = 180, positioning the 265 

vegetation patch at a different orientation results in an approximate 11,0% increase in the 266 

attenuation of the model building's acceleration. In contrast, for dn = 380, the loss of phys- 267 

ical model structure acceleration is approximately 18,0%. The highest percentage of accel- 268 

eration loss was observed for intermediate vegetation with a 90° orientation. The acceler- 269 

ation results exhibit a similar trend to vegetation density, highlighting that the maximum 270 

acceleration dissipation is associated with an angle of 90° (I90, I60, I45, I30) and an inter- 271 

mediate vegetation patch arrangement with dn = 380. 272 
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Figure 3.6 (a, b, c, d). Shows the Effect of angles, house acceleration in dn=380 & 180 

 273 

Figure 3.7 depicts the acceleration of the model building during the period from 1 to 274 

90 seconds under both non-vegetated and vegetation conditions. These graphs were gen- 275 

erated using accelerometer data and underwent base correction using seismosignal. These 276 

graphs illustrate the acceleration patterns for intermediate and dense vegetation densities 277 

at Fro = 0.25. Figures 3.7 show the acceleration of the model building during the first 90 278 

seconds for both non-vegetated and vegetated conditions. These graphs are obtained with 279 

the help of an accelerometer and base correction using seismosignal. These graphs show 280 

the pattern of acceleration for intermediate and dense vegetation densities using Fro = 281 

0.25. 282 
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Figure 3.7 Shows house acceleration recorded from Accelerometer in intermediate & sparse Vegetation at 90 angle and no 

vegetation using Fro 0.25 

 283 

3.3. Time of Approach 284 

The presence of the vegetation array introduces an increase to the flow approach time 285 

due to the resistance the flow experiences. Initially, the approach time before positioning 286 

the model in the channel was recorded, followed by the time after placement. The time 287 

difference between these two recordings represents the increase in approach time, termed 288 

herein as "time delay". 289 

The approach time values range from 35 to 47 seconds in the absence of the vegeta- 290 

tion array. However, after situating the model under different Froude numbers, the 291 



Water 2025, 17, x FOR PEER REVIEW 15 of 22 
 

 

approach time varied. For the case of the dn=180 vegetation arrangement (Figure 3.8(a, b, 292 

c, d)), the approach time ranged from 37 to 52 seconds for I90180, 36 to 50 seconds for 293 

I60180, 37 to 48 seconds for I45180, and 36 to 45 seconds for I30180. 294 

 

 

Figure 3.8 (a, b, c, d). Shows the Effect of G/d, time approach in intermediate & sparse Vegetation 90, 60, 45 & 30 

 295 

In the case of a vegetation patch thickness of dn=180 in a sparse arrangement, the 296 

approach time varied from 37 to 55 seconds for S90180, 37 to 52 seconds for S60180, 38 to 297 

52 seconds for S45180, and 35 to 47 seconds for S30180. Notably, the maximum time delay 298 

was observed for I90180, reaching 60 seconds, indicating a 21.7% increase compared to 299 

Fro 0.18. 300 
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The results indicate that as the angle of the vegetation increases, the approach time 301 

also increases. Effective management of inland forests may have a significant impact on 302 

the time delay, as the findings suggest that thicker and denser vegetation contributes to 303 

increased time delays, as it hinders the propagation of the flow. 304 

3.4. Statistical Analysis 305 

Vegetation proves to be a highly effective method for mitigating flood damage and 306 

reducing hydraulic pressure. In a rectangular channel, we conducted investigations into 307 

the impact of vegetation at various angles relative to the flow direction [2,4]. The re- 308 

sistance offered by tree structures to the passage of flow influences flow hydraulics, in- 309 

cluding the water surface profile within the forest, which directly affects the structural 310 

accelerations beyond the forest [1]. Our findings demonstrated a linear increase in accel- 311 

eration as the Fr value increased in all cases examined. In our statistical analysis, we con- 312 

sidered parameters such as standard deviation, range, and mean value. In the absence of 313 

obstructions in the water's path, water flows effortlessly. However, when obstructions are 314 

present in the water's path, water movement is impeded due to friction. As the angle of 315 

the plants in front of the water flow increases, so does the resistance to flow. While main- 316 

taining all other parameters constant, we observed that as the Froude number increases, 317 

the depth on the upstream face of the model building also increases. This increase in depth 318 

is reflected in statistical parameters, such as standard deviation, mean value, and range, 319 

as illustrated in Figures 3.9(a), (b), (c), and (d). 320 

The results indicate that the highest water depth corresponds to the highest Froude 321 

number, which is 0.25. Consequently, in the absence of vegetation, statistical parameters 322 

are optimized at Fro = 0.25. 323 

 

Figure 3.9 (a, b, c, d). Shows the %ge reduction of Statistical Analysis in intermediate & sparse Vegetation 90, 60, 45 & 30 

angles.  

 324 

4. Discussion 325 
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This experimental investigation revealed several critical relationships between vege- 326 

tation configuration and the effectiveness of flood mitigation. Vegetation models demon- 327 

strated significant capacity to reduce hydrostatic pressure forces acting on structures, with 328 

effectiveness varying by density configuration. Sparse vegetation (B/d = 2.13) achieved a 329 

good pressure reduction, while intermediate vegetation (B/d = 1.09) provided a smaller 330 

reduction under identical flow conditions. Perpendicular vegetation arrangements 331 

demonstrated superior performance compared to oblique configurations in reducing both 332 

hydrostatic pressure and structural acceleration, with perpendicular layouts achieving a 333 

greater reduction in force. The X2-2 accelerometer measurements revealed that vegetation 334 

presence reduced building acceleration across all tested Froude numbers (0.18-0.25), with 335 

intermediate density vegetation providing optimal performance. Vegetation implementa- 336 

tion altered subcritical flow patterns, creating energy dissipation zones that effectively 337 

reduced downstream fluid forces while maintaining stable flow conditions.  338 

In the current paper, the perpendicular and oblique vegetation arrays are tested in 339 

relation to hydraulic pressure, acceleration of the model structure, time of approach, and 340 

flow characteristics. Many researchers defined the density of vegetation on the basis of 341 

B/d [2]. It was previously studied that the characteristics of undular jump formation were 342 

considered for three densities of vegetation: sparse vegetation (B/d = 2.13), intermediate 343 

vegetation (B/d = 1.09), and dense vegetation (B/d = 0.25) [12]. However, in the current 344 

paper, only sparse and intermediate vegetation types are adopted because, practically, 345 

dense vegetation (B/d = 0.25) is difficult to construct and is very rare. The phenomenon of 346 

energy reduction and the effect of vegetation density under subcritical flow conditions 347 

has been studied previously, and it was found that denser vegetation dissipates more en- 348 

ergy than lower-density vegetation. In that study, the hydraulic pressure and acceleration 349 

of the model building under subcritical flow conditions are determined, based on two 350 

variables: B/d and Froude number (Fro). 351 

In previous studies, researchers conducted laboratory experiments to investigate the 352 

effect of riverbank vegetation density on flow velocity variation in the main channel and 353 

within the vegetation [30, 31]. The effect of different riverbank vegetation densities on 354 

flow hydrodynamics across the channel is investigated experimentally [31-32]. The scour 355 

pattern around the isolated vegetation element has been investigated to study the sedi- 356 

ment scour pattern [33]. In the current study, for S90, the acceleration of model building 357 

is drawn against the selected range of Fro (0.18–0.25). However, the results show that by 358 

decreasing the orientation of the vegetation patch from 30° to 90°, the model building ac- 359 

celeration dissipation increases, with the maximum acceleration reduction found to be 360 

associated with the 90° orientation, specifically for the case of intermediate density with 361 

dn = 380. Maximum percentage loss of model building acceleration observed for interme- 362 

diate arrangement with I90380, as perpendicular vegetation provides more hurdles than 363 

I60380, I45380 and I30380. Similar results are reported in the literature [7].  364 

Pasha & Tanaka (2017) have conducted an experimental investigation of undular hy- 365 

draulic jump formation under subcritical conditions by selecting three different vegeta- 366 

tion patch thicknesses, that is, dn values of 180, 380, and 580, and the energy reduction for 367 

sparse and intermediate vegetation are in the ranges of 26–28% and 29–32%, respectively 368 

[12]. In the current study for S90 and I90, a constant patch thickness (dn = 180) is used, 369 

and the average acceleration reduction against the range of Froude numbers (0.18–0.25) is 370 

in the range of 20.8% and 22.0%, respectively. Similarly, a constant patch thickness (dn = 371 

380) is used, and the average acceleration reduction is in the range of 22.1% and 22.1%, 372 

respectively. When the flow expands toward the floodplain, the angle of flow toward the 373 

floodplain is usually oblique for straight [34-35] and meandering channels [36]. Previ- 374 

ously, some authors have studied perpendicular weirs [5, 36], while others have used 375 

oblique weirs in their studies of open-channel hydraulics [37-38]. The combined effect of 376 
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vegetation and weir (placed in perpendicular direction) on energy head loss has also been 377 

studied previously [39-40]. The same results are observed in the current study of hydraulic 378 

pressure. The vegetation array causes an increase in time delays, with differences in the 379 

approach time of the flow ranging from  35 to 47 seconds, regardless of the vegetation 380 

patch orientation. After situating the model against different Froude numbers, the ap- 381 

proach time increased by 21.7% compared to Fro 0.18. 382 

5. Conclusion and Recommendations 383 

5.1. Conclusion 384 

This study clarifies the importance of vegetation orientation variation in different 385 

vegetation conditions in dissipating hydraulic pressure and structural acceleration. The 386 

primary findings of this study are as follows. 387 

• Experimental results indicate that the reduction in hydraulic pressure increases with 388 

increasing vegetation thickness and decreasing vegetation orientation relative to the 389 

main flow, reaching a maximum at an intermediate vegetation density, with dn = 390 

380. Thus, intermediate vegetation density (B/d = 1.09) emerges as the optimal con- 391 

figuration, achieving superior hydrostatic pressure and acceleration reduction com- 392 

pared to sparse arrangements while remaining practically implementable. 393 

• Perpendicular vegetation alignment provides measurably superior flood force miti- 394 

gation compared to oblique arrangements, supporting design recommendations for 395 

nature-based flood defences. 396 

• The results show that vegetation plays a significant role in influencing fluid pressure 397 

forces and the dissipation of acceleration in model building. The X2-2 accelerometer 398 

methodology successfully quantified structural response under flood conditions, 399 

providing a replicable framework for evaluating vegetation 400 

• -based mitigation strategies. The physical model's structural acceleration reduction 401 

increases with the vegetation patch orientation changing from 30° to 90°. The hy- 402 

draulic pressure and maximum model building acceleration reduction for the case 403 

of sparse vegetation patch arrangement with a vegetation patch thickness of dn = 180 404 

and 90° orientation were 3.3% and 20.8%, respectively. 405 

• The hydraulic pressure and maximum model building acceleration dissipation in the 406 

intermediate arrangement, with a vegetation patch thickness of dn = 380 and orien- 407 

tation at 90° relative to the flow direction, were 7.4% and 22.1%, respectively. 408 

• The time of approach within the vegetation depends upon the resistance offered by 409 

the vegetation. The findings demonstrated that, in all cases considered, the time of 410 

approach decreased linearly as the Fr value increased. The value of approaching time 411 

for I90 is higher than for S90. The maximum value of approaching time is seen to 412 

increase by 21.7% and 14.5% respectively. 413 

• The results show maximum depth of water against the highest Froude number, i.e., 414 

0.25. Therefore, the statistical parameters are at their maximum without vegetation 415 

at Fro = 0.25. The standard deviation, mean, and range values dissipated to a maxi- 416 

mum in intermediate cases. The values of statistical analysis I90 are higher than S90. 417 

The maximum values of standard deviation, mean, and range dissipation were 418 

26.1%, 43.5%, and 59.8%, respectively. These findings support the integration of stra- 419 

tegically configured vegetation into flood risk management systems, offering 420 
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sustainable alternatives to traditional hard infrastructure while providing quantifia- 421 

ble protection benefits. 422 

5.2. Recommendations 423 

Based on the findings of this research, it is recommended that flood management 424 

strategies should incorporate vegetation as a key component. The results highlight the 425 

significance of vegetation angle and density in reducing hydraulic pressure and house 426 

acceleration during flooding events. To optimise flood protection, practitioners should 427 

consider implementing vegetation arrangements with a 90° angle to the flow direction 428 

and prioritise intermediate vegetation density levels. Furthermore, ongoing monitoring 429 

and research efforts should be encouraged to refine and adapt these strategies to changing 430 

environmental conditions. Collaborative initiatives involving hydrologists, ecologists, en- 431 

gineers, and policymakers are crucial for developing comprehensive and effective flood 432 

management policies. Community engagement is crucial for raising awareness and gar- 433 

nering local support for vegetation-based flood protection measures. Overall, integrating 434 

vegetation into flood management practices represents a sustainable and cost-effective 435 

approach to mitigate flood risks and enhance resilience in flood-prone regions.   436 
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 553 

 554 

Table 1. Where Fro is the initial Froude number, d the diameter of cylinder, dn is the thickness of 555 

forest. 556 

Case # 
Angle of 

vegetation 
Initial Froude No. (Fro) d (cm) Forest type 

Tree thickness           

(dn) 

1 No vegetation 
0.18, 0.19, 0.20, 0.22, 0.23, 0.24, 

and 0.25 
0.3  180,380 

2 90 
0.18, 0.19, 0.20, 0.22, 0.23, 0.24, 

and 0.25 
0.3 Intermediate 180,380 

3 90 
0.18, 0.19, 0.20, 0.22, 0.23, 0.24, 

and 0.25 
0.3 Sparse 180,380 

4 60 
0.18, 0.19, 0.20, 0.22, 0.23, 0.24, 

and 0.25 
0.3 Intermediate 180,380 

5 60 
0.18, 0.19, 0.20, 0.22, 0.23, 0.24, 

and 0.25 
0.3 Sparse 180,380 

6 45 
0.18, 0.19, 0.20, 0.22, 0.23, 0.24, 

and 0.25 
0.3 Intermediate 180,380 

7 45 
0.18, 0.19, 0.20, 0.22, 0.23, 0.24, 

and 0.25 
0.3 Sparse 180,380 

8 30 
0.18, 0.19, 0.20, 0.22, 0.23, 0.24, 

and 0.25 
0.3 Intermediate 180,380 

9 30 
0.18, 0.19, 0.20, 0.22, 0.23, 0.24, 

and 0.25 
0.3 Sparse 180,380 
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