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1. Introduction 

Rivers confluences are important components of the fluvial systems. They are resulted from the conjunctions 

between separate flowing channels and this conjunction is producing a complex hydro-morpho-dynamic environment 

[1]. Rapid changes in fluid motion, sediment transport, and river morphology are arising at confluences and affecting the 

main rivers. The main rivers attempt to accommodate the water and sediment inflow supplied from the tributaries. As 

confluences exist everywhere, features of drainage networks are critically vital in regulating the longitudinal distribution 

of flow and sediment [2]-[5]. Research on confluence dynamics is a relatively recent undertaking, and the phenomena 

had been studied experimentally in the laboratory, where several features were identified in order to study the mechanism 

of flow patterns and channel bed formation. In studying channels confluence hydraulics, the plan form angle, discharge 

ratio, and momentum flux ratio are considered as the major controlling factors [6]-[13]. Field investigations were 

performed at stream confluences in order to assess the relevance of experimental and numerical models for flow 

composition and morphology under natural conditions [14]-[21]. In recent years, studies on confluence have included the 

development of theoretical frameworks and integrate the experimental or field studies with numerical modeling [22]-

[26]. Few studies on natural river confluences were focusing on the combination of flow and sediment transport [1], [27]. 

Most of the experimental and numerical studies were conducted on channel confluence confirm that there are two 

Abstract: Controlling erosion and deposition zones that are usually forming at rivers confluences are important for 

improving river hydraulic efficiency. The flow in rivers confluences is highly complex, due to rapid changes 

associated with the river flow dynamics, sediment transport, and morphology. A two-dimensional (2D) numerical 

model was used to simulate the confluence between Kurau and Ara rivers, Perak, Malaysia. The numerical model 

has been calibrated and validated by using field data. The model was used to investigate the effectiveness of different 

shapes and sizes of 30o obstacles/vanes in controlling erosion and deposition zones at the confluence of Kurau and 

Ara rivers. The simulation results show that the best performance of 30o obstacles/vanes was found when a single 

obstacle/vane was introduced in the flow. 
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important aspects and these are erosion and deposition. Erosion is a morphological process that usually happening at the 

beds and outer banks of the channel confluence and known as scouring hole, while the deposition is usually happening 

at the inner banks (opposite to the location of erosion) and recognized as points bars or islands caused by sediment 

deposition. The scour hole zone is a region formed in the bed sediment erosion, resulting from the confluence of two 

flow cells originating from two channels, and is considered as one of the major morphological features of channel 

confluence. The scour hole has been associated with sediment transport caused by the increased flow turbulence and 

velocity intensities at the confluence [28], [3], [17]. In contrast, the deposition can be recognized clearly at the separation 

zone created under low pressure and flow recirculation. The separation zone at channel confluences exerts a direct 

influence on the flow dynamics and also morphological features [29], [30]. 

However, Malaysian rivers have many natural confluences and at these confluences consistent cross-section changes 

occurred due to sediment movement. As a result, rivers capacity is reduced, and flood levels are increased owing to 

sediment accumulation. In the present study, obstacles/vanes are proposed as control structures to mitigate the scouring 

and deposition zones in natural rivers confluence. In general, the obstacle is used to navigate both flow and bed variation. 

The hydraulic performance of the obstacle is mainly depending on its location, dimensions, and morphological situation 

[31]-[33]. For this reason, there is no specific criteria for designing the obstacle in a river system. Physical or numerical 

simulation is needed to optimize the design of the obstacle. However, there are some limitations on using physical models 

such as high cost, steady flow, and scale effect. On the other hand, numerical models are low cost and can be used 

efficiently for unsteady mobile bed conditions. 

 

2. Study Area and Data Acquisition  

The main catchment area of Bukit Merah lake is formed from the meeting of two sub-basins namely Kurau and Ara 

rivers. The confluence of these rivers located at the Pondok Tanjung about 7 km upstream Bukit Merah lake north-west 

of Perak state in Malaysia (Fig. 1). The rivers are started from mountain area where the averaged slope equal 12.5% while 

at the mid and lower reaches are characterized with low and undulating terrain with average slope around 5%. The lower 

reach is more exposed to the flood due to its flat and wide floodplains [34]. The confluence of Kurau and Ara rivers have 

different widths and bed heights, the width of Kurau river is around 23 m while for Ara river it is 28 m. The bed height 

of Ara river is around 0.45 m higher than Kurau bed height and these rivers meet at an angle of 135 degree.       
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 1 - Location of Kurau and Ara rivers confluence 

 

Hydro-Morpho dynamics data of the Kurau and Ara rivers confluence is adopted from [35]. Field works including 

the data of discharges, water levels, velocities, transects geometry, and sediment measurements for series of cross-

sections at the confluence were conducted in April and September 2012. The hydrodynamic measurements and 

Bathymetric surveys data were achieved by using SonTek River Surveyor device S5, Fig.  2 shows the DEM resulted 

from measuring many cross sections at Kurau-Ara confluence, in which the primary results from the bathymetry survey 

confirmed the hydro-morpho-dynamic features that were reported in the literature. 

The average median particle (d50) of bad material for Kurau and Ara rivers confluence is found to be 1.1 mm while 

for the scouring zones located near the left bank of main Kurau is found to be 1.8 mm. One data set include discharge, 

velocity, water level, cross section, and bathymetry survey were measured on 09/04/2012 and it was used to build and 

calibrate the model, while other seven data sets were used for model validation. The discharge is changing daily since it 

is resulted from different rain events occurred in the catchment. 
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Fig. 2 - Observed bathymetry survey of the Kurau-Ara rivers confluence 

 

3. Numerical Modelling  

In this study, the solver Mflow_02 is used as a tool to simulate unsteady flow in rivers confluence. The original 

version of Mflow_02 was based on the program developed by Tomitokoro et al. [36] and it was subjected to 

improvements and the one that was made by iRIC [36] includes adding some functions like moving boundary model and 

riverbed variation calculation, etc. This make it able to calculate two-dimensional plane unsteady flow and riverbed 

variation by unstructured meshes of finite element method in orthogonal coordinate system (Cartesian coordinate 

system). The later development makes the model able to reproduce exactly the structure shape of complicated landform 

particularly in distributaries and confluences.  For this reason, the Mflow_02 solver is used to simulate the morpho-

dynamics of selected confluence of Kurau and Ara rivers at Perak state, Malaysia including the proposed engineering 

solutions of introducing obstacles/vanes at an angle of 30° for controlling the scoring and deposition zones. There are 

two main models embedded in Mflow_02 solver and these are flow field model and riverbed variation model. These 

models have many submodels which can help to achieve a wide range of calculations. Fig. 3 summarized the details of 

solver procedures. The accuracy of the model prediction was achieved through comparison between model outputs and 

measured data using Four statistical methods, and these methods are Mean Absolute Deviation (MAD), Mean Square 

Error (MSE), Root Mean Square Error (RMSE), and Mean Absolute Percentage Error (MAPE). 

 

 
Fig. 3 - Flowchart summarizing solver procedures 
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4. Results and Discussion 

4.1 Model Implementation and Calibration 

Mflow_02 model was used to assess the morphological changes in the river confluences. The first input data is 

importing a bathymetry survey. A fine unstructured grid consisted of 6136 nodes were created by drawing many lines 

until a good performance is found (Fig. 4). Finer grid resolution gave more accurate results, but it needs small time step. 

In this model, different time steps were tried until the hydrodynamic simulation run smoothly with 0.01 sec. The second 

input data is the curves of the grain size distribution of bed material. According to the measured data, the average median 

particles of the rivers are about 1.1 mm for the normal depth and 1.8 mm for the deep hole (scouring). The third input 

data is the flow rate at the upstream and water level at the downstream. For the turbulent model, zero equation model was 

adopted among the others turbulence model and then setting up the movable bed computation with starting time 800 sec 

after running the simulation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 - Unstructured grid for Kurau and Ara rivers confluence 

 

       For sediment transport computation, Mflow_02 model uses the Ashida and Michiue [37], Meyer-Peter Müller 

[38], and Enguland-Hansen [39] equations to compute total bed load transport. In this simulation, the Meyer-Peter Müller 

equation was used. The model was calibrated with observed flow velocity, water surface elevation, and bed elevations. 

The model was adjusted with Manning’s roughness n= 0.063 [40, 35], nodes number, time step and turbulence model 

until a good agreement is found between model prediction and measured data. The results of velocities magnitude for 

running the model 24 hours (the simulation time of the model calibration) are shown in Fig. 5, while the average values 

of the simulated velocities along the cross-sections in different times (1, 2, 3, 6, 12, 18, 24) hour are shown in Figs. 6 to 

11. The comparison and the errors of the measured and simulated velocities is shown in Table 1. 

 
 

  

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 5 - Simulation of velocity magnitude with the locations of the cross sections 
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Fig. 6 - Simulated average flow velocity magnitude 

(m/s) within one day at cross section CS1 

 

Fig. 7 - Simulated average flow velocity magnitude 

(m/s) within one day at cross section CS2 

 

  

 

Fig. 8 - Simulated average flow velocity magnitude 

(m/s) within one day at cross section CS3 

 

 

Fig. 9 - Simulated average flow velocity magnitude 

(m/s) within one day at cross section CS4 

 

  

 

Fig. 10 - Simulated average flow velocity magnitude 

(m/s) within one day at cross section CS5 

 

 

Fig. 11 - Simulated average flow velocity magnitude 

(m/s) within one day at cross section CS6 

 
Table 1 - Comparison and Statistical indices between simulated and measured average flow velocity 

 

Cross-
Section 

Average velocity (m/s) 
Error 

M-S 

Absolute 
value of 
Errors 

Square 
of Error 

Absolute 
values of 

errors 
divided by 
measured 

Results of 
different 

methods of 
errors 

Measured 

(M) 

Simulated 

(S) 

CS 1 0.582 0.536 0.046 0.046 0.002 0.079 MAD 0.054 

CS 2 0.319 0.315 0.004 0.004 2E-05 0.013 MSE 0.004 

CS 3 0.586 0.487 0.099 0.099 0.01 0.169 RMSE 0.064 

CS 4 0.572 0.513 0.059 0.059 0.003 0.103 MAPE 8.877 

CS 5 0.58 0.56 0.02 0.02 4E-04 0.034   

CS 6 0.699 0.605 0.094 0.094 0.009 0.134   

Sum.    0.322 0.025 0.533   
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Four statistical indices were used to assess the prediction of Mflow_02 model and these are Mean Absolute Deviation 

(MAD), Mean Square Error (MSE), Root Mean Square Error (RMSE), and Mean Absolute Percentage Error (MAPE). 

Results from applying these methods at all cross sections showed that there is good agreement between measured and 

simulated average velocities as shown in Table 1. 

The simulation of water surface elevation is shown in Fig. 12. The simulated and measured water surface elevations 

at different locations were found with minimum errors due to the boundary condition at the outlet is time-varying 

elevation. The values of statistical indices such as (MAD, MSE, RMSE, and MAPE) were found to be 0.024 m, 0.001 m, 

0.028 m, and 0.144% respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 12 - Simulation of water surface elevation at the confluence of Kurau and Ara Rivers 

 

Morpho-dynamics calibration is achieved by comparing between simulated and measured bed elevations. Fig. 13 

show the depths simulation with the location of four cross sections at the confluence of Kurau and Ara rivers, and these 

sections were used to demonstrate the difference between measured and simulated bed elevations. Figs. 14 to 17 show 

the comparison between simulated and measured bed elevations. The calibration process was based on the model output 

obtained after running the model continuously for 24 hours. The comparisons show good agreement between simulated 

and measured bed elevations which indicate the accuracy of model output. 

 

 
Fig. 13 - Depth simulation with the locations of measured cross-sections at the confluence of  

Kurau and Ara Rivers 
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Fig. 14 - Simulated bed elevation (m) within one day 

at cross section CS1 

 

 

Fig. 15 - Simulated bed elevation (m) within one day 

at cross section CS2 

 

  

Fig. 16 - Simulated bed elevation (m) within one day 

at cross section CS3 

Fig. 17 - Simulated bed elevation (m) within one day 

at cross section CS5 

 

4.2 Model Validation  

The model was validated with different data sets. A comparison between simulated and measured water levels, 

average depths, average velocities, and bed elevations. Data for unsteady flow at upstream of Kurau and Ara rivers are 

shown in Table 2. The model running time was approximately 8 days for a 7 days data with 6136 nodes and 0.01s time 

step. The data of discharges is based on field measurement acquired from [35], in which high and low discharge represent 

different rain events occurred in the catchment. 

Table 2 - Discharge of Kurau and Ara Rivers for model validation 

No 

 

Time (s) 

Discharge (m3/s) Total 
Discharge 

(m3/s) 
Kurau 
River 

Ara 
River 

1 0 5 4 9 

2 86400 8 7 15 

3 172800 14 17 31 

4 259200 15 28 43 

5 345600 12 23 35 

6 432000 10 15 25 

7 518400 7 6 13 

 

In order to demonstrate the accuracy of model prediction, simulation results on second and four days (with discharge 

of 15 m3/s and 43 m3/s) are compared with measured. Model output showed that the water levels were simulated with 

high accuracy. The values of Mean Absolute Deviation (MAD), Mean Square Error (MSE), Root Mean Square Error 

(RMSE), and Mean Absolute Percentage Error (MAPE) were determined using the predicted and measured values. These 

values are found to be 0.032 m, 0.001 m, 0.034 m, and 0.198 % respectively for discharge of 15 m3/s, while for discharge 

of 43 m3/s are equal 0.083 m, 0.008 m,0.087 m, and 0.484 % respectively. The simulated Average flow depth fell within 

the observed values range, and the values of the statistical indices are found to be 0.04 m, 0.002 m, 0.044 m, and 4.486 

% associated with discharge value of 15 m3/s while for discharge value of 43 m3/s the indices are 0.075 m, 0.008 m, 

0.087 m, and 4.707 % respectively Tables 3 and 4. 
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The simulated average velocities were in agreement with the measured average velocities as shown in Table 5. Most 

of the simulated velocities were lower than the measured velocities and the maximum error was found with high discharge 

in the Kurau Rivers. The Mean Absolute Percentage Error (MAPE) was found to be 19.1%, while at low discharge, the 

Mean Absolute Percentage Error (MAPE) was around to be 10 %. Errors refer to the uncertainty in both measured and 

predicted values. Papanicolaou et al., [41] reported that the typical acceptable errors in depth and velocity predictions 

were ranged between 25% and 35%. Pinto et al., [42] suggested to accept the underprediction in velocity, due to its gave 

fewer errors. However, the above range of error is acceptable when it compared with other simulated results [43, 31]. 

Table 3 - Comparisons between water level and average flow depth for (Q=15 m3/s) 

Transect 

name 

Water level 
Results of 

different methods 

of errors 

Average flow depth 

(m) 

Results of 

different methods 

of errors Measured Simulated Measured Simulated 

CS 1 16.44 16.48 MAD 0.032 1.17 1.12 MAD 0.04 

CS 2 16.45 16.49 MSE 0.001 0.58 0.59 MSE 0.002 

CS 3 16.42 16.45 RMSE 0.034 0.94 0.98 RMSE 0.044 

CS 5 16.38 16.4 MAPE 0.198 0.78 0.84 MAPE 4.486 

 

 
Table 4 - Comparisons between water level and average flow depth for (Q=43 m3/s) 

Transect 

name 

Water level 
Results of 

different methods 

of errors 

Average flow depth 

(m) 

Results of 

different methods 

of errors Measured Simulated Measured Simulated 

CS 1 17.29 17.35 MAD 0.083 1.91 1.92 MAD 0.075 

CS 2 17.3 17.37 MSE 0.008 1.48 1.37 MSE 0.008 

CS 3 17.213 17.34 RMSE 0.087 1.83 1.77 RMSE 0.087 

CS 5 17.193 17.27 MAPE 0.484 1.58 1.7 MAPE 4.707 

 

 
Table 5 - Comparison between measured and simulated average flow velocity 

River 

name 

Discharge 

(m3/s) 

Average velocity (m/s) Confluence 

status 

Momentum 

ratio (Mr)* Measured Simulated 

Ara 7 0.49 0.52 
15 (m3/s) 0.9 

Kurau 8 0.5 0.431 

Ara 28 0.85 0.752 
43 (m3/s) 2.6 

Kurau 15 0.6 0.44 

                          *Mr= (Q.U.ρ) Ara/ (Q.U.ρ) Kurau 

 

For morphological validation, Mflow_02 showed the model capability to simulate morphological changes such as 

scouring, deposition, and movement of sediment transport, which led to changes in cross section. The simulated and 

measured cross sections are shown in Figs. 18 to 25. For a discharge of 15 m3/s, the simulated and measured bed 

elevations were found in agreement particularly in cross sections 3 and 5, and less agreement were found in cross sections 

1 and 2. For discharge of 43 m3/s, The highest agreement between the measured and simulated cross sections with were 

found in cross sections 1 and 5, and least agreement were found in the cross sections 2 and 3.  

 

Fig. 18 - Comparison between measured and 

simulated bed elevation at CS1 with (Q=15 m3/s) 

Fig. 19 - Comparison between measured and 

simulated bed elevation at CS2 with (Q=15 m3/s) 
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The errors between measured and simulated elevations of cross sections could be attributed to the spatial location of 

the collected data and also to a complex river reach geometry. According to Papanicolaou et al., [44], other sources of 

errors are computational errors from the numerical schemes used in solving the governing equations describing the 

studied problems and truncation errors due to discretization. In addition, some other source of errors may come from data 

collection. For example, the eddy viscosity models have been used in solving the governing hydrodynamic equations for 

turbulent flows which had some degree of empiricism in their formulations. 

 

Fig. 20 - Comparison between measured and 

simulated bed elevation at CS3 with (Q=15 m3/s) 

 

 

Fig. 21 - Comparison between measured and 

simulated bed elevation at CS5 with (Q=15 m3/s 

Fig. 22 - Comparison between measured and 

simulated bed elevation at CS1 with (Q=43 m3/s) 

 

 

Fig. 23 - Comparison between measured and 

simulated bed elevation at CS2 with (Q=43 m3/s) 

 

 
 

 

4.3 Scenarios for Controlling Erosion and Deposition Zones at the Kurau and Ara Rivers 

Confluence   

Many types of obstacles were used in the riverine system to manage and control the training of the rivers. Spur-

dykes, vanes, groynes, and weirs are among the obstacles used by U.S. Army Corps of Engineers, USACE [32]. In this 

study, vanes are used as obstacles to assess the hydro-morpho-dynamics of natural rivers at confluence. This type of 

structure is introduced in the model by creating a polygon which is excluded throughout mesh computing and considered 
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by the model as an obstacle [36]. The impact of the obstacle on the flow in rivers conjunctions is clearly shown on the 

computation of riverbed variation, and velocity distribution with the development, appearance and movement of the 

sandbar. Simulated of the confluence bathymetry with and without obstacle after the third day of the model run with 

discharge of 43 m3/s were analyzed, owing to the great effect that it will make on the hydro-morpho-dynamics which 

recognized at the confluence zone and marked the change in the flow depth, scouring zone, deposition zone, and velocities 

with its vectors for the following three scenarios: 

a) A single row of the obstacles/vanes with 1 m long and a spacing of 6 m between them at angle of nearly (30°) with 

the flow direction of Ara river. 

b) A single row of the obstacles/vanes with 2 m long and a spacing of 5 m between them at angle of nearly (30°) with 

the flow direction of Ara river. 

c) A single obstacle/vane with l0 m long at angle of nearly (30°) with the flow direction of Ara river. 

 

4.3.1 First scenario: A single row of the obstacles/vanes with 1-m-long 

Due to the maximum scour at this area which is caused by high flow from Ara river, a single row of vanes with 1 m 

long were placed at the junction near the Ara river mouth. The length of a vane is calculated based on water depth, which 

is equal 0.3 of the flow depth [45]. The spacing between them is obtained by calculation and found to be 2 multiplied by 

the flow depth. This was recommended by previous studies [46, 47]. In addition, the optimum angle of the obstacle was 

taken as 30° as recommended by Odgaard and Spoljaric, [48], Barkdoll et al., [49] and Wuppukondur and Chandra, [45]. 

They reported that the scour depth is increased with an increase in vane angle and this is the reason why the 

obstacles/vanes installed with an angle of 30°, also in this case increasing obstacles/vanes angle will allow to pass more 

inflow discharge from Ara river toward outer bank of main Kurau river and lead to enhance the scouring zone. The model 

was run using real data of unsteady flow as shown in Table 2. For a discharge of 43 m3/s, model output with and without 

obstacles/vanes were compared. Figs. 26 and 27 show the comparison of water depth and velocity distribution with its 

vectors respectively. Introducing obstacles/vanes the simulated results show that there is not much change in the 

maximum scour hole near the outer bank and deposition zone near the inner bank at the confluence. The velocity 

magnitude at the deposition zone was increased a little bit and reached to 0.53 m/s, in which this value does not exceed 

the mean critical velocity of sediment transport at this zone. The mean critical velocity was calculated based on Simons 

and Şentürk method [50] and found to be 0.56 m/s. However, the results of imposing obstacles/vanes in this scenario will 

not bring significant improvement to the hydro-morpho-dynamics of the confluence. Therefore, the length of the 

obstacles/vanes was doubled, and the results are shown in the second scenario. 

 

4.3.2 Seconded scenario: A single row of the obstacles/vanes with 2-m-long 

         In Seconded scenario, the simulation included using a single row of inclined obstacles/vanes with 2 m long and 

spacing of 5 m. The angle of inclination of obstacles/vanes was taken as 30° from the flow direction of Ara river. The 

simulation results on the flow depth, velocity magnitude and vectors of velocity were demonstrated in Figures 26 (c) and 

27 (c). Good results are presented by doubled the length of the obstacles/vanes especially on reducing the maximum area 

of the scour hole, but on the deposition zone there is not great change compared with simulation without obstacles/vanes.   

     

4.3.3 Third scenario: A single obstacle/vane with l0-m-long 

         In this scenario, a single vane with l0 m long is placed at an angle of 30° and the same location of the vanes used 

in first and second scenarios. The simulated flow depth and velocity distribution with its vectors are shown in Figures 26 

(d) and 27 (d) respectively. This scenario gave the best results since the deposition zone was maintained, while the zone 

with maximum scour hole was diminished. This is because the flow direction was changed toward the zone of low 

pressure and velocity (deposition zone) and maintained the potential of sediment movement and deposition. Figure 27 

(d) show that by using the obstacle/vane of 10 m long, the maximum velocity is shifted away from the outer bank toward 

the centerline of the confluence. However, imposing a single obstacle/vane give the best solution for maintaining hydro-

morpho dynamics and also enhance the navigation at the confluence of Kurau and Ara rivers. 

 

5. Conclusions 

       The control of flow in rivers confluences is complex owing to different hydro-morpho-dynamics features that arise 

in this turbulence zone. A 2D numerical model has been used to simulate the hydro-morpho-dynamics of natural 

confluence taking the confluence of Kurau and Ara rivers, Perak, Malaysia as a case study. The numerical model has 

been calibrated and validated using field data. Obstacles/vanes have been suggested as a control structure to mitigate the 

scour and deposition zones that usually occur at the natural confluences. Also, the Mflow_02 model has been used to 

evaluate the morphological changes for three scenarios of obstacles/vanes arrangements. The simulation results show 

that by using a single 30o obstacle/vane, a good performance obtained for controlling erosion and deposition zones 

compared with using raw of 30o obstacles/vanes. There might be other solutions for training the flow at the rivers 

confluence with different dimension and angle. In summary, this paper addressed the applicability of using the 2D 
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numerical model in a complex riverine system for predicting hydro-morpho-dynamics changes with and without obstacle 

as training structures in a dynamic river confluence. 

 

  

Fig. 26 - Simulated flow depth without and with 

obstacles/vanes for the study site (a) without obstacle; 

(b) First scenario; (c) Second scenario; (d) Third 

scenario 

Fig. 27 - Simulated velocity distribution with its 

vectors without and with obstacles/vanes for the 

study site (a) without obstacle; (b) First scenario; (c) 

Second scenario; (d) Third scenario 
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