
 

3rd International Conference on Advances in Civil and Environmental 
Engineering (ICACEE-2024) 

University of Engineering & Technology Taxila, Pakistan 

Conference dates: 21st and 22nd February 2024; ISBN: 978-969-23675-2-3 

 

626 
 

Sloping Perspectives: Investigating Flow Hydrodynamics in Vegetated Open-
Channels under Varying Bed Slope 

 

Nadir Murtaza1,* , Ghufran Ahmed Pasha1, Ahmed Murtaza2, Afzal Ahmed1, Hammad 
Raza1, Muhammad Ashraf Khalid1   

1Civil Engineering Department, University of Engineering and Technology Taxila, Pakistan 
2Center for Disaster Preparedness and Management, University of Peshawar Pakistan 

*Corresponding author: nadirkhattak1122@yahoo.com   
  

ABSTRACT 

Vegetated open channels play a crucial role in shaping the dynamics of riverine ecosystems. This 
study, conducted in two distinct phases under sub-critical flow conditions, aimed to understand 
the impact of altering the channel bed while maintaining a constant flow discharge. In the initial 
phase, a vegetated open channel, featuring vegetation followed by a moat, was utilized to 
experimentally investigate hydrodynamic parameters such as the reduction of fluid force (RFI%), 
moment index (RMI%), and overflow volume (∆Q%). Moving to the second phase, an artificial 
neural network (ANN)-based model incorporating six and nine different neurons was applied to 
the experimental data. The experimental results show that RFI% and RMI% enhanced with 
enhancing Fr from 0.35 to 0.65. It was noticed that the maximum RFI% and RMI% were 72.84% 
and 69.39% when Froude number reached at 0.65 for vegetation followed by a moat (VM) 
respectively. It was noticed that ∆Q% decreased with enhancing the Fr. The maximum value of 
∆Q% was noticed to be 44.98%. The ANN model yielded superior results with increased 
coefficients of determination (R2) and Nash-Sutcliffe efficiency (NSE) when configured with nine 
neurons in each hidden layer. Conversely, it exhibited reduced values for root square mean error 
(RSME), sum of square error (SSE), and mean absolute error (MAE). The finding of the study 
concluded that varying channel bed slopes have a greater influence on the reduction of 
hydrodynamic parameters.   
 
KEYWORDS: Vegetated open channel, artificial neural network, overflow volume, statistical 
analysis.  

1 INTRODUCTION 

Vegetation, a fundamental component of rivers in their natural states, is a major factor Vegetation 
has several positive effects on ecosystems, but it also has negative effects on flow resistance and 
sediment transfer. As a result, river stretches are typically required to have their vegetation 
managed from an engineering perspective to minimize the likelihood of flooding [1]. To 
investigate the hydraulics of flow and their characteristic in open channel vegetation have been 
widely used [2-5]. Previous research examined the energy reduction phenomenon through 
emergent vegetation [5,7].  
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Numerical research on flow hydrodynamics in a compound channel has also been conducted [8]. 
Vertical double layered and discontinuous vegetation patch was examined numerically in an open 
channel for investigating turbulence flow structure [9]. In real world floodplain and the prototypes 
main channel flow have different effects, and these differences have been studied experimentally 
to evaluate the reduction of flow energy through vegetation by measuring the drag coefficient and 
three-dimensional velocity [10,11]. Previous research has evaluated the flow resistance owing to 
floodplain vegetation and analysed fluvial processes through floodplain vegetation in two 
dimensions [5]. Similarly, Sanjou et al. [11] experimented to determine the effectiveness of a 
single tree line in reducing flood energy under sub-critical flow, and they derived an equation for 
energy reduction, including two parameters: the density of vegetation and the Froude Number (Fr). 
The influence of riparian vegetation abundance on variations in flow rate inside the canopy of 
vegetation was investigated and the result shows that flow velocity increases by increasing the 
vegetation density at the main channel while decreasing at the riverbank [12]. 
Over the past decades, different scholars have examined flow characteristic using prototypes such 
as vegetation, embankment, and combination of both [13],[14], simulation techniques [15], and 
systematic methodologies [16], [17]. There is a concern that damages caused by floods increase in 
the future [18], [19]. In some cases, extreme flow conditions have resulted in destruction of 
embankments, coastal vegetation, flood mitigation obstruction, and infrastructure [20], [21], [22]. 
Different constructional strategies encompass various structural interventions, such as the 
establishment of reservoirs, barriers, raised structures, watercourse dredging, and implementation 
of flood-resistant buildings [23], [24].  Additionally, non-structural measures such as disaster 
preparedness, and advance alert devices are considered as potential choices. However, the 
limitations of these strategies in effectively utilizing flood resources have led to the recognition 
and emphasis on a coordinated approach to water resources management [25]. At present, there is 
growing recognition of the significance of ecological and natural approaches in both advanced and 
developing nations [26]–[29]. 
Previous studies shows that flow characteristic on the upstream and downstream side of the 
vegetation was investigated under constant channel bed slope and varying discharge. However, 
the present aimed to investigate flow characteristic on the downstream side of the vegetation by 
altering channel bed slope and keeping flow discharge constant. Therefore, the present study 
investigates hydrodynamic parameters such as the reduction of fluid force (RFI%), moment index 
(RMI%), and overflow volume (∆Q%) experimentally in the first phase. In the second phase, 
ANN-based model was run to determine the predicted values of hydrodynamics parameters under 
different number of neurons in two different model (a model with six and nine neurons in hidden 
layer respectively).   

2 METHODOLOGY 

2.1 Flow Conditions 

Pakistan has a long history of floods from 1947 to 2022 [5]. It has been observed that along the 
Indus River, mostly in plain domains, the floods are mostly sub-critical. Therefore, to replicate the 
sub-critical flow conditions in a channel, the discharge data spanning 59 years (1961 to 2020) was 
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collected from the Federal Flood Commission. This data pertained to the Froude number at two 
locations along the Indus River: Jinnah Barrage (upstream) and Taunsa Barrage (downstream). 
The Froude number is defined as the ratio of inertial forces to gravitational forces (Fr=V/(gy)0.5, 
where V is the depth-average velocity in a flume without any obstruction, y is the water depth 
without obstructions, and g is the gravitational acceleration. According to the FFC report, the Fro 
during floods ranged between 0.07-0.89[5]. Therefore, in the present investigation the discharge 
remained constant, and the bed slope was increased from 1/100 to 1/450, resulting in the Froude 
number from 0.35 to 0.65 (Table 1). Therefore, in the current study, seven different Froude 
numbers (0.35-0.65) were selected in a flume without placing any barrier. Experimental and 
hydraulic conditions of the present study are summarized in Table 1. Figure 1a depict the 
schematic diagram of the channel with a moat and vegetation model. In Figure 1a, Point G was 
taken as a reference point on the downstream side of the vegetation to measured water depth and 
flow velocity. The water depth and flow velocity at Point G were used for measuring the values of 
RFI%, RMI% and ∆Q%.    

Table 1: Experimental and Hydraulic conditions of present research 

Run Fr y (cm) Wv (cm) d (m) 
1 0.35 8 38 0.003 
2 0.40 7.5 38 0.003 
3 0.45 6.7 38 0.003 
4 0.50 6.3 38 0.003 
5 0.55 5.9 38 0.003 
6 0.60 5.5 38 0.003 
7 0.65 5.3 38 0.003 

 
2.2 Vegetation and Moat Conditions 

Eucalyptus trees are the most common type of vegetation planted in the southern region of Punjab, 
Pakistan. Locally, the Eucalyptus tree is known as Sufaida, and by nature, it requires a greater 
amount of water for its growth. In the southern region of Punjab, Pakistan, Eucalyptus trees can 
be seen in the floodplain to maximize the interception rate and reduce flow velocity to enhance the 
resilience of the local community against extreme flood conditions. The average trunk diameter of 
the Eucalyptus tree is 0.11 -0.33m and the average height is in the range of 4.7-11.4m [30]–[32]. 
In the southern region of Punjab, Pakistan vegetation is planted at a spacing (G) of 6 m between 
them with an average trunk diameter (d) of 0.11-0.33 [31]. However, in our study, we opted for 
cylindrical rods made of steel with average diameter of 3 mm at scale of 1/100.  We also introduced 
a sparse vegetation configuration with a density of 2.13. The density was defined by the G/d ratio, 
where G is the gap between two adjacent vegetation elements and d is the diameter of the 
vegetation element (Figure 1c). 
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Moats could be either dry or filled with water, depending on the availability of water sources and 
the specific defensive requirements of the structure. Moat is often created to safeguard specific 
areas, such as buildings, homes, or entire communities, from the potentially damaging effects of 
flooding. The purpose of a flood moat is to act as a drainage system or a defensive barrier against 
rising water levels. The scale of 1/100 was chosen to model the moat, considering the optimal 
height of a wall (embankment) on the Indus River in Pakistan, which typically falls in the range 
of 4-7 meters, along with an additional 1.2-1.8 meters of freeboard [5,33].  For the present research, 
a moat depth of 6 meters was selected. This led to the elevation of the moat prototype being set at 
6 cm using the 1/100 scale. Figure 1b depicts the scaled-down characteristics of the moat. During 
flood events, the water travels in an inclined direction relative to the main channel from the wall 
across the flooded area. The direction of the flowing water approaching an embankment-like 
barrier in the watercourse flood can take different pathways, such as at right angles or inclined 
according to the orientation of the installation of the barrier [31,32]. For this study, it is assumed 
that the terrain's barrier will be situated in a manner that the water movement is at right angles to 
the barrier. 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
                                        
                                                                       
 

  
 
 

Figure 1. (a) Schematic diagram of the channel and laboratory investigation (b) moat 
specifications (c) vegetation conditions and parameters definition. 
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2.3 Artificial Neural Network Model (ANN) Model Evaluation Criteria 

An artificial neural network consists of interconnected nodes, or artificial neurons, organized in 
layers. These layers include an input layer, one or more hidden layers, and an output layer [34]. 
Each connection between nodes has an associated weight, and the network learns by adjusting 
these weights based on input data [34]. A feed-forward network having layers of neurons that 
comprise input, hidden, and output layers is known as a multilayer perceptron (MLP). To assign 
input messages to neurons in the hidden layer, neurons in the input layer buffer the signals. Figure 
2 depicts the feed-forward ANN model's flow chart. Statistical measures including root means 
square error (RSME), coefficient of determination R2, the Nash Sutcliffe model efficiency, sum of 
square error (SSE) and mean absolute error (MAE) was evaluated to check the performance of 
ANN model. For measuring the statistical measure Froude number vegetation density, and ratio of 
moat length to initial water depth was considered as input. Equations below show the formulae of 
finding this statistical measure such as R2, RSME, SSE, MAE, and NSE.  

Rଶ =
(∑ (C୧ − Cത)(C୧

ᇱ − Cᇱഥ ))ଶ୬
୧ୀଵ

∑ (C୧ − Cത) ∑ (C୧
ᇱ − Cᇱഥ )ଶ୬

୧ୀଵ
୬
୧ୀଵ

        (1) 

RSME =  ඨ
∑ (C୧ − C୧

ᇱ)ଶ୬
୧ୀଵ

n
                       (2) 

SSE =  (C୧
ᇱ − Cത)ଶ                                    (3)

୬

୧ୀଵ

 

NSE = 1 −
∑ (C୧ − Cᇱ

୧)
ଶ୬

୧ୀଵ

∑ (C୧ − Cത)ଶ୬
୧ୀଵ

                         (4) 
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Figure 2. Feed-forward ANN-Mode diagram with different neurons in hidden layer 
to predict values of different indices (a)RFI% (b) RMI% (c) ∆Q%.  

 

3 RESULTS AND DISUCSSION  

3.1 Experimental Results of RFI%, RMI%, and ∆Q% 

The maximum reduction of fluid force index (RFI%), moment index (RMI%) and overflow 
volume(∆Q%) were calculated against seven different Froude number (Figure 3). It was noticed 
that RFI% increased by increasing the Froude number from 0.35 to 0.65 (Figure 3). The maximum 
RFI% noticed was 72.84% when values of the Froude number reached to 0.65. The increased in 
RFI% with Froude number was because of greater flow velocity at Point G (Figure 1a) due to the 
formation of hydraulic jumps on the downstream side of the vegetation. Similarly, RMI% was 
noticed to be increased by increasing Froude number (Figure 3). The maximum RMI% noticed 
was 69.39% when Froude number increased to 0.65. The increase in RMI% with increasing Froude 
number was because of increased in energy reduction due to formation of hydraulic jump result in 
greater RMI%. The maximum ∆Q% was noticed 45% when Froude number reached to 0.65. It was 
noticed that ∆Q% decreased by increasing Froude number (Figure 3). This was because of smaller 
water depth at Point C with increasing Froude number which reduced overflow behind the 
vegetation.   

(c) 
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Figure 3. Values of RFI%, RMI%, and ∆Q% for different values of Froude number (Fr) 
 
3.2 ANN-Model Based Result 

To predict values of RFI%, RMI%, and ∆Q%, ANN-model were used to select best fitted model. 
Each model has two different layer and each layer have different number of neurons. Number of 
neurons in input layer were kept constant (three) and varied for hidden layer in each model (six 
and nine neurons). A concept of feed-forward multi-layered Perceptron (MLP) was tested for 
predicting the values of RFI%, RMI%, and ∆Q%. Various performance indicator such as R2, 
RSME, SSE, MAE, and NSE were evaluated. The predicted values of RFI%, RMI% and ∆Q% are 
shown in Figure 4. The values of performance indicator such as R2, RSME, SSE, MAE, and NSE 
are shown in Figure 5. The computed values of R2, RSME, SSE, MAE, and NSE has also been 
summarized in Table 2. It was noticed that an ANN-model with nine neuron in a hidden layer was 
best compared to ANN-model with six neuron in a hidden layer (Figure 4-5)(Table-2). In Figure-
5 and Table-2, T and V indicates the training and validation values of the model respectively.  
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Figure 4. Predicted values of RFI%, RMI%, and ∆Q% by different ANN-model 
 
 

Table-2 Result of performance indicator by different ANN-model. 
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Figure 5. Performance indicator of ANN-model with six and nine neurons in hidden layer 
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4 CONCLUSIONS 

The current research was performed in three different phases to investigate flow parameters such 
as reduction of fluid force index, moment index, and overflow volume under sub-critical flow 
conditions. In the first phase of research, experiment was conducted in a laboratory to study these 
indices at Point G. In the second phase, ANN-based models were tested to evaluate the 
performance of different model. In last phase some statistical analysis was performed to predict 
values of indices such as RFI%, RMI%, and ∆Q% by equation derived. Based on above-mentioned 
phases following conclusion were conclude from present research. 
 

1. The reduction of fluid force index increased by increasing the Froude number. This was 
because of increased in water depth at Point C by increasing Froude number. The maximum 
reduction of fluid force index was noticed to be 73% against the highest value of the Froude 
number (Fr = 0.65). 

2. The reduction of moment index increased by increasing the Froude number. This was 
because of increased in fluid force index at Point C by increasing Froude number. The 
maximum reduction of moment index was noticed to be 70% against the highest value of 
the Froude number (Fr = 0.65). 

3. The reduction of overflow volume decreased by increasing the Froude number. This was 
because of increased in water depth at Point C by increasing initial water depth. The 
maximum reduction of overflow volume was noticed to be 45% against the highest value 
of the Froude number (Fr = 0.65). 

4. ANN-model with nine different neurons shows best performance with lowered values of 
R2 and NSE and greater values of RSE, SSE, MAE compared to ANN-model with six 
different neurons.  
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