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Effect of Sediment Load on the Time Evolution of the 

Morphology of a Large-scale Laboratory Movable-bed 

Symmetrical Confluence 

Abstract 

Stream confluences are the basic elements of natural drainage networks and the 

habitat they create has high ecological value. The interaction between the sediment 

load in the tributaries and the flow is an important factor regulating the junction 

morphology. It is observed that the sediment and flow from the tributary cause 

scours and accumulations in places along the main channel, and as a result, changes 

in the bed topography are observed with time.  

In this study, two experiments were carried out on the open channel confluence in 

İzmir Katip Çelebi University Hydraulics Laboratory, where two symmetrical side 

tributaries are connected to the main channel at an angle of 90˚. While the flow rate 

from the tributaries is equal and 20 l/s for both experiments, the amount of sediment 

loads was set as 0 kg/min and 0.1 kg/min. The flow depth at the downstream of the 

confluence with the cover at the downstream of the experimental set-up was adjusted 

to be 5 cm. The same conditions were maintained for three different periods of 3 

hours, 9 hours and 15 hours, and at the end of each period, the experiment was 

stopped to obtain the bed elevations. The erosion and accumulation zones in the 

confluence where the side tributaries meet were investigated. 

The bed morphologies t=3 h were the same for both experiments. While a scour 

corridor was formed in experiment without sediment feeding, the sediment load from 

the tributaries prevented to devethe erosion in the tributary mouths in experiment 

with sediment feeding. The bed elevations in the tributaries were higher with 

sediment feeding. Depending on the amount of sediment load, larger, higher and 

wider bank-attached bars were observed at the end of the experiment with sediment 
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feeding. While no scour hole was formed in experiment without sediment feeding, 

according to effect of the sediment load, a scour hole was observed at the end of the 

experiment with sediment feeding. 

 

Keywords: Open channel confluence, sediment transport, morphological structure, 

sediment load, time 
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Sediment Yükü Nedeniyle Simetrik Akarsu Kavşağı 

Taban Morfolojisinin Zamanla Değişiminin Laboratuvar 

Ortamındaki Büyük Ölçekli Bir Düzenek Üzerinde 

İncelenmesi 

Öz 

Akarsu kavşakları doğal drenaj ağlarının temel unsurları olup oluşturdukları habitat 

yüksek ekolojik değer arz etmektedir. Yan kollardaki sediment yükü ve akım 

arasındaki etkileşim kavşak morfolojisini düzenleyen önemli bir faktördür. Yan 

koldan gelen sediment yükü ve debinin ana kanal boyunca yer yer oyulmalara ve 

yığılmalara sebebiyet verdiği, bunların sonucunda da taban topoğrafyasında zamana 

bağlı değişimlerin olduğu gözlemlenmektedir.  

Bu çalışmada İzmir Kâtip Çelebi Üniversitesi Hidrolik Laboratuvarında bulunan, 

simetrik iki yan kolun 90˚ açı ile ana kanala bağlandığı açık kanal kavşağı üzerinde 

iki deney gerçekleştirilmiştir. Yan kollardan gelen debi iki deney için de eşit ve 20 l/s 

iken sediment besleme miktarları 0 kg/dk (E1)ve 0,1 kg/dk (E2) olarak ayarlanmıştır. 

Deney düzeneğinin mansabında bulunan kapak ile kavşak mansabında akım derinliği 

5 cm olacak şekilde ayarlanmıştır. Aynı koşullar 3 saat, 9 saat ve 15 saat olacak 

şekilde üç farklı süre boyunca devam ettirilmiş ve her süre sonunda deney 

dondurularak taban kotları elde edilmiştir. Yan kolların birleştiği kavşak 

bölgesindeki oyulma ve yığılma bölgeleri incelenmiştir.  

t=3 s için iki deneyde taban morfolojisi benzerdi. Sediment beslemesiz deneyde 

oyulma koridori oluşurken sediment beslemeli deneyde yan koldan gelen sediment 

beslemesi yan kol ağzında oyulma gelişmesini engellemiştir. Yan kollardaki taban 

kotları sediment beslemesiyle daha yüksekti. Sediment beslemesinin miktarına bağlı 

olarak sediment beslemeli deneyin sonunda daha geniş, daha yüksek ve daha uzun 

birikme bölgesi gözlemlenmiştir. Sediment beslemesiz deneyde oyulma çukuru 
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oluşmamışken, sediment yüküne bağlı olarak, sediment beslemesi deneyin sonunda 

oyulma çukuru gözlemlenmiştir. 

 

Anahtar Kelimeler: Açık kanal kavşağı, sediment taşınımı, morfolojik yapı, 

sediment yükü, zaman 
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Chapter 1 

Introduction 

River confluences are locations where two or more rivers with the same or different 

flow rates and sediment characteristics merge and continue to flow as a single 

stream. Confluences are common occurrences along natural rivers and artificial open 

channels [1]. 

River confluences have symmetrical (Y-shaped) or asymmetrical planforms 

dependent on the angle between the two upstream tributaries and their orientation in 

relation to the downstream channel. 

An asymmetrical river junction occurs when a main channel flow combines with a 

tributary flow coming from another direction and continues its way by increasing its 

flow downstream of the confluence (see Figure 1.1). 

 

 

Figure 1.1: Asymmetrical river confluence [2] 
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The merging of the two tributaries to form the main channel is called symmetrical 

river confluence. The angles of deflection about a centerline projected upstream 

along the center of the downstream channel define the symmetry degree of 

confluence (see Figure 1.2). 

 

 

Figure 1.2: Symmetrical river confluence [3] 

 

At a confluence, hydrodynamics, sediment transport processes, and morphodynamics 

influence and modify each other. The flow structure in the confluence hydrodynamic 

zone interplays patterns of sediment transport, which results in the bed morphology 

changes [4]. Because of these changes, confluence poses risks associated with 

flooding, bank erosion, problems for navigation, and failure of the bridge or 

structures nearby [5]. Confluence morphodynamics may also affect critically channel 

and floodplain ecology [6]. Considering all these facts, the river confluences are of 

major importance within a range of disciplines. 

For effective river management, river engineers, geologists, and city managers search 

better understanding of confluence-related problems. For this purpose, the 

hydrodynamic, morphological, and ecological structure at the river junctions has 

long been of great interest to fluvial scientists and hydraulic/river engineers. 

However, confluence hydraulics and associated bed morphology are complex as it is 

controlled by physical features including discharge ratio, junction angle, the presence 
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and nature of any bed discordance, the amount and of sediment load, and the 

gradation of sediment. [4, 7-9]. Some effects of these parameters on confluence 

hydraulics and associated bed morphology are explained below. 

High discharge ratios, which means high flow rates in a tributary, cause migration of 

scour hole (see Figure 1.3). 

 

 

Figure 1.3: The effect of discharge ratios on scour holes 

 

As in shown Figure 1.4, increase in junction angle, larger and wider bank-attached 

bar occurs. 

 

 

Figure 1.4: The effect of junction angles on bank-attached bars 

A discordance in bed elevation between mainstream and tributary channels is a 

common feature of most river confluences. Biron et al. [9] carried out experiments in 
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the laboratory to identify the effect of bed discordance on flow characteristics. When 

a step is present, a very strong vertical motion exists immediately downstream from 

the tributary corner and contrasts markedly with the concordant bed case where all 

the vectors remain parallel to the bed (Figure 1.5). 

 

 

Figure 1.5: Plots of velocity vectors along a longitudinal section near tributary side 

wall, (a) Concordant Bed, (b) Discordant Bed [7] 

 

Mosley [10] analyzed confluences with different sediment loads on an experimental 

set-up with dimensions 2.8 m long, 1.3 m wide and 0.12 m deep.The median 

diameter of sediment was 0.34 mm. The relation between maximum scour depth ds 

(cm) and total sediment discharge through the confluence Qsed (g/min) is shown in 

Figure 1.6. A set of six runs (series IIB) were done under different sediment loads in 

which confluence angle, tributary channel widths, and tributary discharges were held 

constant at 60, 6 cm, and 125 cc/sec respectively, and in which total sediment loads 

were varied between 55 g/min and 220 g/min. Runs in series IIB were replicated 

twice. Series IIA runs with constant tributary discharges (125 cc/sec) and tributary 

channel width (6 cm) are also shown in Figure 1.6. There was a good relation 

between scour depth and total sediment load. It was observed that scour hole depth 

decreases as the total sediment load increases. 

0.25 m/s 
0.10 m 

(a) 

(b) 
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Figure 1.6: Relation between maximum scour depth and total sediment  

discharge [10] 

 

Bombar and Cardoso [1] characterized the influence of sediment discharge on the 

morphology of movable bed, asymmetric, open-channel confluences. Fifteen 

experiments were performed by running a single combination of confluent 

discharges and using a single bed material, with three different sediment loads in the 

main channel (Qsm) combined with five different sediment loads in the tributary (Qst). 

According to the results of their experiments, the depth of the scour hole, ds, 

decreased with Qst. The scour depth did not critically depend on Qsm for Qsm = 

[0.0033; 0.0100] kg/s although it was much smaller for Qsm = 0 (see figure 1.7). 

 

 

Figure 1.7:Variation of scour depth with sediment load in tributary and main  

channel [1] 

 
Main Channel 
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The sediment gradation was another influential parameter on the hydro 

morphodynamics of the confluence. Guillén-Ludena [11] conducted experiments 

with uniform and non-uniform sediment feeding. The sediment rates were the same 

for all the experiments, 0.5 kg/min and 0.3 kg/min for the tributary and main 

channels, respectively. With non-uniform sediments (high gradation coefficient) the 

hydro-morphodynamics needed to evolve to convey the wide range of particle sizes 

of the sediment mixture. This evolution resulted in larger bank-attached bars, deeper 

scour holes, steeper tributary bed slopes, and steeper slopes of the water surface in 

comparison to the experiments performed with uniform sediments (low gradation 

coefficient). 

When it is inspected carefully, it is observed that previous studies generally were 

carried out on small-scaled flumes like Mosley [10] who used cohesive sediments on 

a very small-scaled experimental set-up or which were conducted on asymmetrical 

confluences like Guillén-Ludena [11] and Bombar and Cardoso [1]. Only Guillén-

Ludena [11] presented the time evolution of the bathymetry in the asymmetrical 

flume. But the variation of bed topography of a symmetrical confluence has not been 

studied which constitutes a necessity in understanding the effect of sediment 

transport on the time variation of the accumulations and the depositions. In order to 

close this gap, in this study it is aimed to identify the effects of sediment load on the 

time evolution of the morphology of a large-scale laboratory movable-bed 

symmetrical confluence when the flow is steady and non-uniform. The novelty of 

this thesis, would be the use of non-cohesive bed material on a relatively large 

experimental set-up and specifically investigation of a symmetrical movable bed 

confluence. 

The present study consists of five chapters. Chapter 1 aims to present a brief 

introductory background to the research subject. The mechanism of sediment 

transport and formulations for bed load calculation and morphodynamics of 

confluences are summarized in Chapter 2. In Chapter 3, experimental studies are 

explained and summarized. The results of the experimental study and discussion are 

presented in Chapter 4. and the findings are declared in Chapter 5. 
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Chapter 2 

Theory of Movable-bed Open 

Channels 

2.1 Mechanism of Sediment Transport 

Sediment deposition deals with water and sediment particles so, the physical 

properties of water (density, specific weight, viscosity) and sediment particles (size, 

shape, particle specific gravity, etc.) should be studied to understand the sediment 

transport mechanism.  

When the flow conditions satisfy or exceed the criteria for incipient motion, sediment 

particles start to move and they are eroded from the basin by water and transported 

by stream. 

To determine the critical point for the determination of the inception of motion of the 

grains Shields [12] derived a function where the balance of forces acting on a particle 

on a bed was considered. He applied dimensional analysis to determine 

dimensionless parameters and investigated the relationship between the boundary 

Reynolds number, 𝑅𝑒∗, and dimensionless shear stress, 𝜏∗, by experimental studies 

which are given in Equation (2.1) and Equation (2.2).  

 Re∗ =
 ucrd

ν
 (2.1) 

 τ∗ =
τ

γΔd
=

ucr 2

gΔd
 (2.2) 
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Where, g is the gravitational acceleration, Δ = ((γ𝑠 − γ)/γ, and γs and 𝛾 are the 

specific weights of sediment and water respectively, d is grain diameter, 𝜈 is 

kinematic viscosity, 𝑢𝑐𝑟.is the critical shear velocity. 

Bed shear stress, 𝜏, can be obtained from Equation (2.3). 

 τ = γHS0 = ρu∗ 2 (2.3) 

The shear velocity, 𝑢∗ , is expressed as in Equation (2.4). 

 𝑢∗ = √gHS0 (2.4) 

Where, H denotes the flow depth, S0 is the initial bed slope.  

Vanoni [13] developed a diagram fitting the curve to the data provided by Shields  

(see Figure 2.1). 

 

  

Figure 2.1: Shields graph [12] 
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The area below the curve in Figure 2.1 means that there is no sediment motion, whereas 

the area above the curve means that there is sediment motion. The curve gives the 

critical value of Shields parameter, τ∗, corresponding to the beginning of the motion. 

By the help of the parameter defined in Equation (2.5), the usage of Shields curve 

becomes easier [11]. 

 p =
d

ν
√0.1Δgd (2.5) 

This parameter allows the determination of intersection with the Shields diagram and its 

corresponding values of shear stress. Many investigators have proposed different options 

which are more or less the same. 

Sediments are transported as suspended and bed load as shown in Figure 2.2 

depending upon the fundamental properties of water and sediment particles. 

 

 

Figure 2.2: Different modes of sediment transport [14]  

 

In a river system, a loose surface can erode from the basin by water and be 

transported by stream. Sediment particles can be transported in four modes rolling, 

sliding, saltation and suspension. While sediment particles are sliding and rolling, 

particles continue to be at contact with the bed. Saltation means that jumping motion 
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along the bed in a series of low trajectories. Rolling and sliding particles move along 

the bed surface under the force of the overlying flow of water. These three modes are 

bed load transport. Sometimes sediments stay in suspension for an appreciable length 

of time called suspended load transport. In addition, the wash load is a bed material 

load according to the particle size and mainly moves as a suspended load. So, 

sediment can be classified as bed material load and wash load or bed load and 

suspended load. Wash load transport is a function of basin characteristics, whereas 

bed load transport is a function of flow characteristics [15]. 

Bed load motion starts when critical conditions are exceeded. The motion concerned 

with two phase (solid + liquid) flow near the bed. Generally, the bed load transport 

rate of a river is about 5-25% of that in suspension. Bed load measurement is 

difficult, so it is estimated by sediment transport formulas based on different modes 

of motion employing different parameters. 

Bed load transport is defined as the bed material weight per unit width per unit time, 

gb (kg/s/m) or the volume of the transported bed material per unit width per unit time, 

qb (m
3/s/m) where the relationship between them is given in Equation (2.6). 

 gb = γsqb (2.6) 

Up to now, several empirical formulas of transported bed load have been developed. 

Most of these formulas estimating bed load, have been proposed for uniform flow 

and uniform bed conditions. The empirical formulas derived for bed load calculation 

are given below. 

Duboys [16] developed a bed load model using the shear stress approach. This model 

consists of sediment particles moving in layers because of the tractive force acting 

along at the bed. The bed load capacity formula is given as Equation (2.7). 

 qb = Kτ(τ − τc) (2.7) 

Where, Straub [17] defined K coefficient as in Equation (2.8) depending on the 

sediment particle characteristics, 𝜏𝑐 is critical shear stress. 



11 

 

 K =
0.173

d 3∕4
 (2.8) 

Thus, DuBoys equation can be rewritten as in Equation (2.9), 

 qb =
0.173

d 3∕4
 τ(τ − τc) (2.9) 

Meyer-Peter et al. [18] developed the following bed load formula as given  

Equation (2.10) uses the energy slope approach. 

 
0.4qb 2∕3

d
=

q2/3S0

d
− 17 (2.10) 

where, q denotes the water weight per unit width per unit time (kg/s/m). 

Meyer-Peter formula is valid only for coarse material sediment particle diameters 

greater then 3 mm. 

Shields [12] conducted laboratory studies and obtained the flow conditions 

corresponding to incipient motion when sediment transport is greater than zero. 

Shield’s measurements provided a semi-empirical equation, as given in  

Equation (2.11), for estimating bed load transport capacity. 

 
qbγs

qγS0
= 10

τ − τc

(γs − γ)d
 (2.11) 

Ackers and White [19] proposed a procedure that can be used for the estimation of 

total bed material load in both natural rivers and laboratory channels. Transported 

sediment mass per unit flow mass, X, is calculated as in Equation (2.12), 

 X = Ggr

d

hd

γs

γ
(

u∗

V
)

2/3

 (2.12) 

where, V denotes the cross-sectional velocity (m/s). 

Dimensionless sediment transport, 𝐺𝑔𝑟 , is expressed as in Equation (2.13). 
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 Ggr = C (
Fgr

A
− 1)

m

 (2.13) 

Dimensionless mobility number, 𝐹𝑔𝑟 , is expressed as in Equation (2.14). 

 Fgr = u∗ n(gdΔ)−1/2 (
V

√32 log (
10hd

d
)

)

1−n

 (2.14) 

where, C, A, m and n are constants and can be calculated by the dimensionless grain 

diameter, 𝐷𝑔𝑟, given in Equation (2.15) 

 Dgr = d(gΔ/ν2)1/3 (2.15) 

The values C, A, m and n can be obtained from laboratory data in Equation (2.16). 

                              Dgr >60 

m=1.5,  

n=0 

A=0.17, 

 C=0.025 

(2.16.a) 

 1 < Dgr ≤60 

n=1-0.56 log(Dgr) 

m=(9.66/Dgr)+1.34 

A=(
0.23

√Dgr
) + 0.14 

logC=2.86log(Dgr)-(logDgr)
2-3.53 

(2.16.b) 

2.2 Morphodynamics of Confluences 

The sediment load in the tributaries is also an important factor on bed morphology of 

the confluence. Deposition in the backwater zone adjacent to the area upstream of the 

confluence increases depending on the increase in the sediment load. 

In the existent first studies on river junctions, Taylor [20] studied the confluence 

hydrodynamics. He worked on the flow characteristics of rectangular channels. The 

experiments were performed with 45˚ and 135˚ junction angles. The purpose of the 

experiments was to estimate the relationship between upstream and downstream flow 
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depths and energy head-losses in the confluence. In this study, one-dimensional 

modeling was obtained which was based on mass and momentum conservation and 

wall-friction roughness was neglected. The results of the experiments showed that 

the difference between the flow depths obtained by using the momentum equation 

and the result of the experiments decreases when the junction angle decreases. Also, 

Webber and Greated [21] worked on hydrodynamics using one-dimensional 

approach. Empirical correction coefficients are needed in these models, due to the 

real flow characteristic of river confluence is three-dimensional. 

With the development of measuring instruments and computer technologies over 

time, three-dimensional flow structure, sediment transport, and riverbed evolution, 

located in the river confluence, have been captured and described accurately [22]. 

After the 1980s, more and more studies have been done on the hydrodynamic, 

morphologic, and morphodynamic structure at river junctions, including laboratory 

experiments, field experiments, and numerical simulations. 

Based on flow visualization in small-scale models, the cross-stream flow structure 

was researched for simple Y-shaped confluences in a laboratory channel by Mosley 

[10]. In this experimental work, the flume used in the study was 2.8 m long, 1.3 m 

wide, and 0.12 m deep. In order to define flow patterns, the dye was injected into the 

tributaries. Dye injection showed that the flows from the tributaries generally 

separate through the scour with some mixing along the center. Although the 

flowlines were parallel to the banks in tributaries, a flow deflection was observed 

within the limits of the scour hole in the confluence. 

Best [8] carried out laboratory experiments in order to determine the flow structure 

of asymmetrical confluences. Experiments were conducted in a facility with an 8 cm 

wide tributary connected at a 30˚ junction angle to a 12 cm wide main channel with a 

fixed and flat bed and proposed a conceptual hydrodynamic model according to the 

results of experiments which was characterized by the presence of zones of 

stagnation, deflection, separation, maximum velocity, recovery, and two shear layers. 

Ashmore et al. [23] made velocity measurements in two confluences in the gravelly 

Sunwapta River. In both cases, confluences have simple Y-shaped planforms which 

were obviously formed and still active. Although a separation zone is observed 
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downstream of the confluence corners in laboratory channels with rigid boundaries, 

there was an obvious separation zone only on the left side at one of the confluences 

[10]. Because of the more gentle curvature of the corners of natural confluences 

limited the formation of the separation zone [24]. Flow diverged and divided again a 

short distance downstream of both confluences. Also, some evidence of flow 

acceleration into the confluence was obtained.  

Based mainly on experimental work, general conceptual models of confluence 

hydrodynamics have been developed for symmetrical and asymmetrical confluences 

[8,10] (see Figure 2.3). 

 

 

Figure 2.3: Hydrodynamics at open-channel confluences, (a) Symmetrical, 

 (b) Asymmetrical  

 

The hydrodynamics at the confluence is different from that of ambient flows because 

two merging flows have different flow characteristics. 

As shown in Figure 1.5, a zone of flow stagnation, or at least deceleration of flow, 

occurs at the upstream corner of the confluence because the flow depth increases 

where the combining flows meet [25]. As flow encounters the adverse pressure 

gradient related to this super-elevation of the water surface, forward motion is 
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inhibited and the flow decelerates. The flow velocity and shear stress decrease and 

flow depth and pressure increase in this region. 

Within the confluence, a flow deflection zone is formed due to combined flows 

mutually deviate one another. If the amount of suspended material transported by the 

combined flows is different, a visible mixing layer begins to form along an interface 

[26]. The mixing layer continues along the separation zone. This mixing interface is 

also the location where the shear layer is formed when the confluent flows have 

dissimilar velocities. This layer is known for high turbulence intensity and shear 

stress. 

A zone of flow separation takes place at the downstream junction corner originated 

by the change of flow direction. This change results from the main flow being 

pushed towards the outer bank by the lateral flow. This separation zone extends over 

a distance in the downstream channel [27]. Although the separation zone is 

commonly observed in laboratory applications with sharp angles, rounding or flaring 

of junction corners (a common feature of many natural confluences) prevents 

separation [28]. This region is characterized by flow recirculation and low pressures. 

The zone is known to increase in size with larger junction angle and high tributary 

discharges [29]. 

It is observed that the vertical velocities become significantly more pronounced in 

the upward direction. These vertical velocities act as a water barrier (a shear layer 

occurs between the recirculation zone and surrounding main channel flow) and 

prevent entering the main channel flow from this shear layer. Thus, downstream of 

the mixing point, the cross-section of the water flows becomes narrower, the 

effective width decreases, resulting in greater velocities (maximum velocity). As the 

cross-sectional area of the flow decreases, the cross-sectional average velocity 

increases even more, and maximum velocity zone is located in this region [30]. 

As the flow moves downstream, the influences of confluence hydrodynamics reduce 

and a flow recovery zone occurs where the hydraulic conditions become governed 

by receiving channel characteristics. 

Biron et al. [31] investigated patterns of micro-topography of the water surface at 

symmetrical and asymmetrical discordant confluences in the field for different flow 
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conditions. According to the results of this study, a super-elevation was observed in 

the flow stagnation zone and in the mixing layer. Also, there is a lateral slope at the 

edge of the mixing layer. 

The first study of river confluence morphology was performed by Mosley [10] both 

in symmetrical and asymmetrical confluences in a small flume under movable bed 

conditions. The experiments were carried out with different discharge ratios, junction 

angles, and amounts of sediment feeding. Based on these experiments, although the 

dunes fronts in both tributaries were perpendicular to the flow direction, they rotated 

parallel to the flow in the main channel, around the scour hole. It was observed that 

the presence of scour a hole in the confluence of both symmetrical and asymmetrical 

confluences. The transported sediment formed a sediment deposition zone 

downstream of the confluence. Also, according to these experiments, it was observed 

that scour hole depth decreases as the total sediment load increases. In addition, 

when the difference between the two tributaries’ discharges decreases, the depth of 

scour increases and it reaches maximum value while discharges are equal. Depth also 

rises with increasing confluence angle. 

The experimental and field measurements done by Ashmore and Parker [7] for a 

braided river show that the confluence angle has the most effect on scour hole 

dimensions. An increase in total discharge, confluence angle (between 30 degrees 

and 90 degrees) or grain size can increase scour depth. 

Best [32] investigated sediment transport at the asymmetrical confluence both in 

scaled laboratory flume and in nature. 5 different junction angles ( 15˚, 45˚, 70˚, 90˚ 

and 105˚) were chosen both to simulate the most common ones in natural 

environment as determined from map analyses [33] and to cover a wide range. The 

experiments were conducted under movable bed conditions at 3 different discharge 

ratios (approximately 0.5, 1.0 and 1.5). Sediment was continuously supplied to both 

channels during the experiments. Each experiment was continued until the 

equilibrium conditions were reached. Field studies were carried out confluence of 

River Ure and Widdale Beck in North Yorkshire, UK.  

Based on the experiments of Best [32], the bed morphology at the confluence 

consists of 3 distinct elements: avalanche faces at the mouth of each confluent 
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channel, a region of central bed scour at the confluence, and a bar formed in the 

separation zone located at the downstream corner of the confluence. Field 

measurements closely replicate the flume simulation. In addition, it is observed that 

when both the junction angle and discharge ratio increase, the penetration of the 

main channel avalanche face decreases. As the joining angle rises, a deeper scour 

hole was formed, there was no scour hole formed in the experiment performed at a 

15˚ angle, and the rate of increase in scour depth declines at higher angles. Deeper 

scours were present at higher discharge ratios for all confluence angles. As the 

confluence angle and discharge ratio increase, the bank-attached bar became larger 

related to the formation of a larger separation zone. 

Best and Rhoads [34] identified a conceptual model to describe the bed morphology 

of river confluences by using most of the existent knowledge on the confluence 

morphodynamics provided by field junctions at different scales and experimental 

works performed within fixed-wall channels and also within completely movable 

beds. Five principal morphological features can be defined at channel confluences, 

despite these features presence/absence being dependent on a range of control 

parameters: a scour hole, tributary mouth bars, a mid-channel bar, a bank-attached 

bar, and a sediment accumulation zone. 

Based mainly on experimental work, general conceptual models of confluence 

morphology have been developed for symmetrical and asymmetrical confluences 

(see Figure 2.4). 

There is a close interaction between hydrodynamics, morphodynamics, and sediment 

transport at the river confluence. So, the structure of flow at confluences produces 

patterns of scouring and accumulation, in turn, shape the bed morphology of the 

confluence [35]. 
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Figure 2.4: Bed morphology at open-channel confluences, (a) Symmetrical,  

(b) Asymmetrical 

 

A local sediment accumulation zone occurs depending on the obstruction of 

sediment transport because of the flow stagnation at the upstream junction corner. 

Considering low velocities, bed surface sediment is finer than adjacent channels. No 

significant bar forms occur in this region. 

Sediment accumulated at the mouth of one, or both confluent channels, widely is 

referred to as tributary-mouth bars. Sometimes, the fronts of these bars merge with 

the side slopes of the scour hole and may migrate into the scour hole, filling it 

partially. If the bar front slope is quite steep, approaching angle of repose of bed 

material, resulting in avalanche surfaces. 

Confluence scour takes place commonly in braided sand-bed or gravel-bed rivers, 

but can occur wherever two branches of a river merge and create secondary erosive 

flows [36, 37]. There are several factors affecting scour at confluences, including 

convective acceleration of flow, and increased turbulence along the shear layer. With 

the accelerating of effective flow from upstream to downstream through a 

confluence, bed shear stress and sediment transport capacity increase over distance, 

resulting in the scouring of bed material. Although in symmetrical confluences, the 

scour hole is symmetrical in planform shape, it extends from the tributary mouth to 

the outer bank of the post-confluence channel in asymmetrical confluence. 
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Biron et al. [38] reported that the scour may be small or absent in confluence where 

there is a discordance in bed height between two tributaries. Depths of scour in large 

rivers are generally smaller than in small streams and experimental channels for a 

given junction angle [34]. Nevertheless, scour depths at the confluence in large rivers 

can reach 70 meters [39]. 

Experimental studies indicate that as the width ratio increases, scour depth decreases 

[40]. 

A bank-attached bar may form in the region of flow separation dependent on 

recirculation or reduced flow velocities [41]. 

Zhang et al. [42] investigated bed morphology at a naturally asymmetrical 

confluence of a tributary with a low sediment load and the main river with a high 

sediment load and very large momentum flux differences with a discordant bed. The 

confluence of the Yellow River and Fen River was selected for field measurements. 

According to obtained data, no significant sand bar was observed because of the lack 

of flow separation. 

A deposition is often observed in the middle of the post-confluence channel, mostly 

in symmetric confluences (Y shape planform) that is called mid-channel bar. If a 

scour forms in the upstream region, the decreasing flow velocities downstream from 

the maximum velocity zone, as well as reducing turbulence intensities as the shear 

layer disappears [43] will unavoidably lead to sediment accumulation. 

Guillén-Ludena [11] investigated the effects of channel width ratio on 

morphodynamics at rivel confluences in the laboratory. The experiments were 

conducted in the main flume which was 12 m in length, 1 m, and 0.5 m in width (two 

conditions) and the tributary was 4.5 m in length, 0.15 m in width. The junction 

angle between the main channel and tributary was 70˚. The experiments were done 

under movable bed condition and sediment were continuously fed to both channels 

during the experiments. The downstream flow depth was adjusted to 10 cm. For this 

study, 6 experiments were carried out with 3 different flow rates and 2 different 

width ratios. It was observed that increasing discharge ratios resulted in longer, wider 

and higher bank-attached bars and deeper scour holes at the tributary mouth in when 

the main channel has a 0.5 m width. As increase width of the main channel, a larger 
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bank-attached bar occurs due to a more developed zone of separation at the 

downstream junction corner. 

Shakibaeinia et al. [44] and Shakibaeinia et al. [45] used a 3-D numerical model to 

reflect the sediment transport and bed morphology in the laboratory-sized and field 

confluences in a wide range of confluence angles and discharge ratios. They obtained 

that with a decrease in confluence angle as well as an increase in discharge ratio, the 

size of scour hole can reduce, and its location move to further downstream in the 

main channel. 

Yu et al. [46] performed laboratory experiments in a novel confluence flume under 

movable bed conditions until the initial equilibrium of bed geometry and then fixed. 

After that point, colored sediment of fine gradation which reflects the contaminated 

sediment was fed into the tributary channel. This study described the 

morphodynamics and deposition patterns of contaminated sediments in a confluence 

as a function of junction angle and discharge ratio. The results showed that the 

junction angle was a dominant factor that defined the confluence bed morphology 

and sediment transport while the discharge ratio was a secondary factor. If the fed 

sediment amount were relatively small, under different junction angles and discharge 

ratio conditions, the whole sedimentation pattern was similar to the corresponding 

equilibrium bed morphology pattern of confluences. According to the results, the 

contaminated sediments coming from a tributary tended to deposit and accumulate in 

the depositional areas within the junction. Also, it is observed that a corner scour 

hole is probably due to spiral vortices near the downstream junction corner all of the 

junction angle and discharge ratio confirmations. 

Balouchi et al. [47] investigated the effects of bed load amount on the 

morphodynamic of channel confluence. The experiments were carried out a main 

channel with a length of 9 m, a width of 0.25 m and a tributary channel with the 

length of 3 m, the width of 0.25 m. Two experiments were conducted with the same 

hydraulic conditions, but different amount of bed load under live bed conditions. 

They obtained the 2D topography contour maps that no point bar or deposition of 

sediments occur at the confluence. Bed morphologies were different with and 

without bed load. It is observed that a deeper scour hole was formed with no 

sediment feeding. 
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Chapter 3 

Experimental Set-up, Instrumentation 

and Procedure 

In this chapter, the experimental set-up, the measuring instrumentation and 

equipment, the bed material characteristics, the experimental procedure, and the 

measurements adopted for the present research study are described. 

3.1 Experimental Set-up 

Experiments are carried out in Izmir Kâtip Çelebi University, Civil Engineering 

Hydraulics Laboratory (see Figure 3.1). 

 

 

Figure 3.1: General view of the experimental set-up 

 

The experimental setup is a symmetrical confluence which consists of a main 

channel with a length of 18 m, a width of 2 m, and a depth of 0.88 m; and two 
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tributaries, both of which have the same characteristics, with a length of 4.92 m, the 

width of 1 m and the depth of 0.88 m (see Figure 3.2). 

 

 

Figure 3.2: Experimental facility at the laboratory 

 

The junction angle between the main channel and the tributaries is 90°. The main 

channel and tributaries have rectangular cross-sections, reinforced concrete walls, 

and horizontal beds. 20 cm brick walls are built at x = 6.5 m, x=8 m and x=11 m in 

order to form the movable bed condition. The plan view of the set-up is given in 

Figure 3.3.  

 

 

Figure 3.3: Plan view of experimental set-up (all units are cm) 
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The cross sections of the tributaries and the main channel are shown in Figure 3.4. 

 

 

Figure 3.4: Cross sections (a) Tributaries, (b) Main channel 

 

There is a water reservoir with 24 m3 capacity and 2 centrifugal pumps with 15 kW 

power in the basement of the laboratory. The water is pumped out from the water 

reservoir and circulates in the experimental set-up with help of two pumps. One of 

these pumps supplies water to the right side tributary and the other pump supplies 

water to the left tributary (see Figure 3.5)  

 

 

Figure 3.5: Centrifugal pumps for water supply to (a) Right tributary, (b) Left 

tributary 

 

The water supplied to the system flows along the channel and reaches the circulation 

reservoir through the iron pipes from the downstream of the main channel and then 
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returns to the water reservoir from the circulation tank. It circulates continuously 

along the line (see Figure 3.6). 

 

 

Figure 3.6: The plan view of the basement of the laboratory 

 

The circulation tank is a part of the system between the channel and the water 

reservoir that stores the water coming from downstream of the main channel (see 

Figure 3.7). 

 

 

Figure 3.7: The basement view of the laboratory 
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A unit controls the pump rotation speed in order to regulate the discharge of flow for 

the right tributary. Also, the flow rate in the pipe can be adjusted by using a valve 

and it is measured during the experiment by using an electromagnetic flowmeter 

(ORTİFLUX 1000 by Krohne) which is installed on the inlet pipe in which the water 

flows from the storage tank to right tributary via the centrifugal pump (see  

Figure 3.8). It can measure the flow rate with 0.1 l/s precision. 

 

 

Figure 3.8: Control board for right tributary 

 

The other pump works by turning the manual button on the board. The flow rate in 

the pipe can be adjusted by using a valve for the left tributary and there is a 

rectangular weir at the tributary inlet to control the supplied flow discharge (see 

Figure 3.9). 

 

control unit 
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Figure 3.9: (a) Control board for left tributary, (b) Rectangular weir 

 

Flow is measured with a limnimeter on the rectangular weir. The water depth over 

the weir is calculated using the Rehbock equation for rectangular weirs given in 

Equation (3.1) and Equation (3.2) (see Figure 3.10). 

 

 

Figure 3.10: Front view of the rectangular weir 

 

 Q = Cd

2

3
√2gbh3∕2 (3.1) 

 Cd = 0.602 + 0.83h/P (3.2) 

where, Q denotes the discharge of flow, Cd is the coefficient of flow, g is the 

gravitational acceleration, b is the width of the weir, P is the height of weir (29.6 cm) 

and h is the depth of the flow over the weir (6.37 cm).  
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The flow depth throughout the flume can be adjusted by the tailgate at the 

downstream end of the main channel. It is controlled with a limnimeter to keep it 

constant during the experiments (see Figure 3.11). 

 

 

Figure 3.11: (a) Adjustable tailgate, (b) Limnimeter 

 

Two conveyor belts are used to supply sediments to the upstream of both tributaries. 

The conveyor belts have the same physical features which are 1 m in length and 0.6 

m in wide (see Figure 3.12). It will be ensured that the added sand is equal across the 

cross-section of the tributaries. 

 

 

Figure 3.12: Conveyor belts (a) Right, (b) Left 
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3.2 Instruments and Equipments 

3.2.1 Flowmeter 

The supplied flow discharge of one of the tributaries (right) is measured by an 

electromagnetic flowmeter which is mounted on the pipe. The measured discharge 

has ± 0.1 l/s accuracies (Figure 3.13). 

 

 

Figure 3.13: (a) and (b) Electromagnetic flowmeter 

 

3.2.2 Acoustic Doppler Velocimeter (Vectrino) 

Vectrino uses the Doppler Effect to measure flow velocity in water. The purpose of it 

in this study is to obtain the bottom scour depths (Figure 3.14).  

 

     

Figure 3.14: (a) and (b) Down-looking Vectrino 

(a) (b) 
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A down-looking acoustic doppler velocimeter (Vectrino) is used to measure bed 

topography. It has a three-dimensional sensor with remote sensing. Combined with 

Vectrino Plus software, it has a sampling rate of 200 Hz. The diameter of the received 

sound sampling is 6 mm. The Vectrino can receive data at a distance of 50 mm from the 

probe. Down-looking Vectrino uses four receivers (one in the x direction, one in the y 

direction, and two in the z direction) whereas side-looking uses three receivers. Vectrino 

obtains three-dimensional speed data with the data collected in the receivers. The probe 

of Vectrino works in water and provides a continuous flow measurement, focusing on a 

common sample volume. The system operates by transmitting short acoustic pulses 

along the transmission beam. As the pulses move along the water column, some of the 

acoustic energy is scattered back by small particles suspended in water. The measured 

distance has ± 0.1 cm accuracy. 

3.2.3 UltraLab ULS-40D 

UltraLab ULS-40D is designed for the measuring of water surfaces in Ship Model 

Basins, Flumes, Hydraulic Laboratories at Universities and Institutes and Simulation 

Facilities of Physical Models. It is an easy-to-handle airborn ultrasonic measuring 

system, which measures water level and waves fast and precisely (Figure 3.15). The 

ULS 40D system is equipped with fully assembled independent channels. 

 

  

Figure 3.15: ULS-40D equipment (a) ULS-40D and (b) probe 

 

(a) (b) 
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UltraLab ULS-40D probes are used to measure the water surface with ± 0.1 mm 

accuracy (Figure 3.16). 

 

 

Figure 3.16: ULS-40D probes while measuring 

3.2.4 Digital Scale 

The amount of feeding sediment is adjusted with a digital scale (Figure 3.17). 

 

Figure 3.17: Digital scale 

 

 

 

Probe1 

Probe 3 

Probe 2 
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3.2.5 GoPro Camera 

At the end of the experiments, photographs are taken using a GoPro camera which 

shows the plan view bathymetry along the main channel (Figure 3.18). 

 

 

Figure 3.18: GoPro camera 

3.3 Bed Material Characteristics 

The sediment used in this research study is uniform graded material which is 

characterized by the median diameter (d50) and the geometric standard deviation of 

the material (σg). The value of d50  is 1.044 mm and σg is 1.16. 

The grain size distribution of the bed material and supplied sediment mixtures is 

obtained as Figure 3.19. 

 

 

Figure 3.19. Grain size distribution of sediment 
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According to the results of [12] and [13] formulas, ucr are calculated as 0.036 m/s. 

3.4 Experimental Procedure  

In this thesis, two experiments with the same hydraulic conditions, but 2 different 

sediment feeding rates (the right tributary, Qsr, and the left tributary, Qsl) from 

tributaries in a symmetrical channel confluence. 

The parameters kept constant within the scope of this study are the junction angle 

between the tributaries of the symmetrical river confluence, width of the tributaries 

and the main channel, flow depth downstream of the main channel, sediment type 

which is uniform and discharges in the tributaries and the main channel (the right 

tributary, Qr, the left tributary, Ql and the main channel, Qm). The characteristic 

variables of this experimental study are summarized in Table 3.1. Also, downstream 

Froude number (Fr) and Reynolds number (Re) are given in Table 3.1.  

Downstream Froude number (Fr) and Reynolds number (Re) are calculated as 

Equation (3.3) and Equation (3.4), respectively. 

 Fr =
V

√ghd

 (3.3) 

 
Re =

VD

ν
 

(3.4) 

Where, D is hydraulic radius. 

Table 3.1: Summary of the context of the experimental study 

Qr 

(l/s) 

Ql 

(l/s) 

Qm 

(l/s) 
No 

Qsr 

(kg/min) 

Qsl 

(kg/min) 

V 

(m/s) 
Fr 

Re 

(106) 

20 20 40 
E1 0 0 0.4 0.57 4.6 

E2 0.1 0.1 0.4 0.57 4.6 

The flow depth downstream of the main channel was 5 cm for both experiments.  

Both experiments were carried out following the same procedure. Before each 

experiment, in order to achieve the main goals of this study, the colored area shown 

in Figure 3.3 (main channel and tributaries), was covered with uniform sediment 
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which is 20 cm depth to ensure the movable bed condition. The surface of the 

sediment is leveled by an apparatus, which can move along the main channel (see 

Figure 3.20). 

 

 

Figure 3.20: The apparatus to obtain a horizontal bed along the main channel 

 

The 1.5 kg of sand was distributed on the left conveyor belt every 15 minutes. The 

6.5 kg of sand was distributed on the right conveyor belt every 65 minutes 

(Qsr=Qsl=0.1 kg/min) (see Figure 3.21). 

 

 

Figure 3.21: Distributed sediment for feeding (a) Left, (b) Right 
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At the beginning of each experiment, the tailgate downstream of the main channel 

was closed and the pumps started. The flows entered the tributaries slowly in order to 

avoid the initial movement of sediment (see Figure 3.22). 

 

 

Figure 3.22: Filling of channel slowly 

 

During the filling of the flumes, the tailgate was kept closed. When the flow depth 

reached to a certain height that will not move the sediment, the flow rates gradually 

increased for both tributaries up to the required discharge (20 l/s) of flow by using 

the valves (see Figure 3.23). 

 

 

Figure 3.23: Filled channel downstream 
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After that, the tailgate was slowly lowered until the flow depth reached the 

considered flow depth (5 cm) downstream of the main channel (see Figure 3.24). 

This instant was considered as the beginning of the experiments (t=0) and sediment 

feeders were turned on at that point. The experiments took 15 hours in total after this 

instant. 

 

 

Figure 3.24: Adjusted flow depth downstream of the channel 

 

Bed topography was systematically recorded during the experiments t=3 h, t=9 h, 

and at the end of the experiment (t=15 h) by using the distance measurement features 

of the Vectrino. Since the Vectrino needs to be slightly submerged in water for 

measuring, the water level was increased by raising the downstream tailgate and the 

sediment transport was stopped by decreasing the flow velocity. Also, the sediment 

feeders were switched off. Under these conditions, the bed topography was 

measured. Topography measurements were made at 10 cm apart for x and y axis 

along the main channel, and at 25 cm apart in tributaries. 

Bed topography was not only obtained at the end of the experiment but the time 

evolution of bed topography was also investigated.  

The water surface was measured just before stopping the experiment (t=15 h) by 

using ULS-40D probes. Water surface measurements were made at 25 cm apart for 
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x-axis along the main channel and the probes are placed at y=-50 cm, at y=0, and at  

y=50 cm. Water surface measurements were made 25 cm apart in the middle of the 

tributaries. 

To restart the experiment, the downstream water level was adjusted by lowering the 

tailgate, and the sediment feeders were turned on. The stop and re-start processes 

were shown not to affect the bed topography 

At the end of the experiments, photographs are taken using a GoPro camera which 

shows the plan view bathymetry along the main channel.  

 Bed topography was obtained t=3 h, t=9 h, and at the end of the experiment (t=15 h) 

in the main channel. At the end of the experiments, flow depths were obtained at  

y=-100 cm, y=0 cm and y=100 cm in the main channel and in the middle of the 

tributaries. Also, the bed topographies were obtained in tributaries t=15 h. 
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Chapter 4 

Experimental Results and Discussion 

In this study, two experiments have been carried out in a symmetrical channel 

confluence to identify the effects of the amount of sediment load on morphology 

under clear water and live-bed conditions. In addition to the bed morphology at the 

end of the experiments, its time evolution was also obtained. In this chapter, the 

results of these experiments were presented. 

Experiment 1 (E1), and Experiment 2 (E2) denote the experiments without sediment 

feeding and with sediment feeding, respectively.  

4.1 Results of Experiment 1 

Bed morphologies of E1 evolved after 3 hours, 9 hours, and 15 hours as in  

Figure 4.1. Although there was water in the channel, the bank-attached bars are 

clearly visible. 

 

 

Figure 4.1: The view of bed morphology for E1 (a) 3 h, (b) 9 h, (c) 15 h  
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Figure 4.2 shows a three-dimensional illustration of bathymetries after 3 hours,  

9 hours and 15 hours which are obtained using measured data. 

 

 

Figure 4.2: Three-dimensional bathymetry maps for E1 (a) 3 h, (b) 9 h, (c) 15 h 

 

In order to see the time evolution of bed morphology more clearly, plan projections 

of the confluence morphologies after 3 hours, 9 hours, and 15 hours are given in 

Figure 4.3, covering the area defined by 0 m ≤ x ≤ 6 m and -1 m ≤ y ≤ 1 m. 

Left Side 

Right Side 

(a) 

(b) 

Left Side 

Right Side 

(c) 

Left Side 

Right Side 
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Figure 4.3: Evolution of the bed topography for E1 (a) 3 h, (b) 9 h, (c) 15 h 

Local spots of scour were present at the downstream junction corners at all times as 

the bed morphology develops. Erosion was observed at the mouth of tributaries and 

this region expanded to downstream of confluence and scour corridors formed 

evidently after 3 hours. Depending on the deposition of transported sediment from 

the tributaries along the walls of the main channel downstream of the confluence, 

bank-attached bars began to develop and they expand in all three directions with 

time. There was no scour hole at the downstream of the confluence. 

local scour 

bank-attached bar 

scour corridor 

Left Side 

Right Side 

Left Side 

Left Side 

Right Side 

Right Side 

bank-attached bar 



40 

 

The average, minimum and maximum values of the bed elevations and their 

coordinates are given in Table 4.1. 

 

Table 4.1: The average, minimum and maximum values of the bed elevations and 

coordinates for E1 

 

 

 

 

 

 

 

 

 

Longitudinal profiles of the bed topography evolution at y=0 cm is shown in  

Figure 4.4. As seen in longitudinal bed topographies, there was no significant change 

in morphology in the middle of the main channel with time. 

 

Figure 4.4: Longitudinal profiles of the bed topography at y=0 cm for E1 
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z 
(c

m
)

x (cm)

y=0 cm
t=0
t=3 hours
t=9 hours
t=15 hours

z (cm) t = 3 h t = 9 h t = 15 h 

Left  

side 

Average 20.49 cm 20.40 cm 20.53 cm 

Minimum

(x,y) 

17.10 cm 

(30 cm, 100 cm) 

17.60 cm 

(50 cm, 100 cm) 

17.70 cm 

(50cm, 100 cm) 

Maximum

(x,y) 

23.20 cm 

(80 cm, 100 cm) 

23.70 cm 

(90 cm,100 cm) 

23.90 cm 

(120 cm, 100 cm) 

Right 

side 

Average 20.57 cm 20.36 cm 20.48 cm 

Minimum

(x,y) 

16.70 cm 

(30, -100 cm) 

16.80 cm 

(40 cm, -100 cm) 

16.90 cm  

(40 cm,-100 cm) 

Maximum

(x,y) 

23.20 cm 

(80 cm, -100 cm) 

23.60 cm 

(120 cm, -100 cm) 

24.10 cm 

(150 cm,-90 cm) 

All  

channel 

Average 20.53 cm 20.38  cm 20.50 cm 

Minimum 16.70 cm 16.80 cm 16.90 cm 

Maximum 23.20 cm 23.70 cm 24.10 cm 
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Longitudinal profiles of the bed topography evolution at y=-100 cm and y=100 cm 

are shown in Figure 4.5. 

 

 

 

Figure 4.5: Longitudinal topography profiles (a) y=-100 cm, (b) y=100 cm for E1 

 

For y=-100 cm and y=100 cm a scour and accumulation were observed at t=3 h and 

the scour moved downstream, and the accumulation zone expanded downstream 

between t=3 h and t=9 h. Then, bed profiles were the same between t=9 h and t=15 h. 

Longitudinal profiles of the bed topography evolution at y=-50 cm and y=50 cm are 

shown in Figure 4.6. 
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Figure 4.6: Longitudinal topography profiles (a) y=-50 cm, (b) y=50 cm for E1 

 

For y=-50 cm and y=50 cm, there was no erosion t=3 h. As the expand of local scour, 

an erosion and an accumulation were observed at t=9 h, and the accumulation zone 

expanded downstream between t=9 h and t=15 h and no significant change was 

observed between t=9 h and t=15 h except the accumulation zone expanded 

downstream. 

Table 4.2 shows the minimum and maximum values of the bed elevations and their 

coordinates for E1. 

 

 

 

15

17

19

21

23

25

0 100 200 300 400 500

z 
(c

m
)

x (cm)

y=50 cm t=0

t=3 hours

t=9 hours

t=15 hours
moved in last 6 h

(a)

15

17

19

21

23

25

0 100 200 300 400 500

z 
(c

m
)

x (cm)

y=-50 cm
t=0

t=3 hours

t=9 hours

t=15 hours

moved in last 6 h

(b)

erosion 



43 

 

 

Table 4.2: The minimum and maximum values of the bed elevations at y=100 cm,  

y=-50 cm, y=0 cm, y=-50 cm and y=100 cm for E1 

  
z (cm) 

x (cm) 
y=100 cm y=50 cm y=0 cm y=-50cm y=-100 cm 

t=3 h 

Minimum 
17.1 cm  

30 cm 

19.7 cm  

70 cm 
No scour 

19.9 cm  

100 cm 

16.7 cm  

30 cm 

Maximum 
23.9cm  

120 cm 

21.0 cm  

10 cm 

21.4 cm 

0 cm 

20.8 cm  

130 cm 

23.1 cm  

80 cm 

t=9 h 

Minimum 
17.7 cm  

50 cm 

19.1 cm  

100 cm 
No scour 

18.3 cm  

110 cm 

16.8 cm  

40 cm 

Maximum 
23.6 cm  

90 cm 

21.6 cm  

250 cm 

21.4  

10 cm 

21.0 cm  

250 cm 

23.6 cm  

120 cm 

t=15 h 

Minimum 
17.7 cm  

50 cm 

18.8 cm  

100 cm 
No scour 

17.9 cm  

110 cm 

16.9 cm  

40 cm 

Maximum 
23.9 cm  

120 cm 

21.7 cm  

330 cm 

21.7 

 0 cm 

22.0 cm  

330 cm 

23.8 

 110 cm 

 

The rate of change in bed elevation (dz/dt) was calculated by dividing the change in 

elevation between two consecutive measurements by the time interval. The rates of 

change in bed elevations are shown in Figure 4.7. 

The pink-colored area represents where the rates of change in bed elevation were 0 

cm/h. The rates of change in bed elevations were between -1.10 cm/h and 1.07 cm/h 

and their average was obtained 0.18 cm/h in the first 3 hours of the experiment. The 

maximum and minimum values of rates of change in bed elevations were 0.57 cm/h 

and -0.57 cm/h and their average was -0.014 cm/h between 3 hours and 9 hours. 

Finally, the rates of change in bed elevations were between -0.2 cm/h and 0.3 cm/h 

and their average was obtained 0.008 cm/h in the last 6 hours of the experiment. 

According to the results, the rates of change in bed elevations decreased and the area 

of pink-colored increased with time.  
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Figure 4.7: The bed elevation change rates for E1 (a) 0-3 h, (b) 3-9 h, (c) 9-15 h 
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Figure 4.8 presents the longitudinal profiles of bed morphologies and flow depths at 

y=50 cm, y=0 cm and y=-50 cm with the initial bed at the end of the experiment. 

Also, the flow depths at x=4 m, and x=6 m are shown in Figure 3.8. S0 was 

calculated as 0.00175 according to formulas of Ackers and White [19]. The slope of 

water surface (Sw) at y=0 cm was smaller than S0. 

 

  

 

 

Figure 4.8: Final longitudinal profiles of flow depth and bed morphology for E1  

(a) y=50 cm, (b) y=0 cm, (c) y=-50 cm 

 

The final flow depths and the bed morphologies in the middle of the tributaries are 

shown in Figure 4.9.  
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Figure 4.9: Final flow depth and bed morphology in tributaries for E1 (a) Right,  

(b) Left 

 

4.2 Results of Experiment 2 

Bed morphologies of E2 evolved after 3 hours, 9 hours, and 15 hours as in Figure 

4.10. Although there was water in the channel, the bank-attached bars are clearly 

visible. 

 

 

Figure 4.10: The view of bed morphology for E2 (a) 3 h, (b) 9 h, (c) 15 h  
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Figure 4.11 shows a three-dimensional illustration of bathymetries after 3 hours, 9 

hours, and 15 hours which are obtained using measured data. 

 

  

Figure 4.11: Three-dimensional bathymetry maps for E2 (a) 3 h, (b) 9 h, (c) 15 h 
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In order to see the time evolution of bed morphology more clearly, plan projections 

of the confluence morphologies after 3 hours, 9 hours, and 15 hours are given in 

Figure 4.12, covering the area defined by 0 ≤ x ≤ 6 m and -1 m ≤ y ≤ 1 m. 

 

 

Figure 4.12: Evolution of the bed topography for E2 (a) 3 h, (b) 9 h, (c) 15 h 
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Local spots of scour were present at the downstream junction corners at all times as 

the bed morphology develops. The erosion in the mouth of tributaries cause the 

presence of bank-attached bars which were observed along the walls of the main 

channel and there was no sediment load and the scour hole in the main channel t=3 h.  

After 9 hours, the sediment load from the tributaries reached the main channel and 

they prevented to develop of erosion in the tributary mouths. As time goes, it was 

observed that larger, higher and wider bank-attached bars. A scour hole didn’t form 

yet t=9 h. 

At the end of the experiment, a scour hole formed at the confluence (t=15 h). 

The average, minimum and maximum values of the bed elevations and their 

coordinates are given in Table 4.3. 

 

Table 4.3: The average, minimum and maximum values of the bed elevations and 

coordinates for E2 

 

 

 

 

 

 

 

 

z (cm) t = 3 h t = 9 h t = 15 h 

Left  

side 

Average 20.25 cm 20.52 cm 21.15 cm 

Minimum 

(x,y) 

16.70 cm 

(30 cm, 100 cm) 

17.30 cm 

(30 cm, 100 cm) 

17.10 cm 

(130 cm, 10 cm) 

Maximum 

(x,y) 

22.70 cm 

(80 cm, 100 cm) 

23.90 cm 

(80 cm, 100 cm) 

25.30 cm 

(100 cm, 90 cm) 

Right 

side 

Average 
20.23 cm 20.51 cm 20.37 cm 

Minimum 

(x,y) 

16.70 cm 

(30 cm, -100 cm) 

17.00 cm 

(30 cm, -100 cm) 

16.00 cm  

(40 cm,-80 cm) 

Maximum 

(x,y) 

22.90 cm 

(80 cm, -100 cm) 

23.80 cm 

(90 cm, -90 cm) 

24.7 cm 

(80 cm,-80 cm) 

All  

channel 

Average 20.24 cm 20.51 cm 20.76 cm 

Minimum 16.70 cm 17.00 cm 16.00 cm 

Maximum 22.90 cm 23.90 cm 25.30 cm 
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Longitudinal profiles of the bed topography evolution at y=0 cm is shown in Figure 

4.13 and at y=-100 cm and y=100 cm are shown in Figure 4.14. 

As seen in longitudinal profiles of bed topographies, while it was not observed a 

scour zone t=3 h and t=9 h, an erosion and evident accumulation occurred at the end 

of the experiment at y=0 cm. 

 

 

Figure 4.13: Longitudinal profiles of the bed topography at y=0 cm for E2 

 

 

Figure 4.14: Longitudinal topography profiles (a) y=-100 cm, (b) y=100 cm for E2 
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According to Figure 4.13, a scour and accumulation were observed t=3 h. With the 

sediment load reaching the main channel, the depth of this scour decreased between 

t=9 h and t=15 h. The bank-attached bar expanded in the x and z direction in with 

time at y=-100 cm and y=100 cm. 

Longitudinal profiles of the bed topography evolution at y=-50 cm and y=50 cm are 

shown in Figure 4.15. 

For y=-50 cm and y=50 cm, while there was no evident scour t=3 h and t=9 h, a 

scour and an accumulation occurred at the end of the experiment.  

 

 

Figure 4.15: Longitudinal topography profiles (a) y=-50 cm, (b) y=50 cm for E2 

 

Table 4.4 shows the minimum and maximum values of the bed elevations and their 

coordinates for E2. 
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Table 4.4: The minimum and maximum values of the bed elevations at y=100 cm,  

y=-50 cm, y=0 cm, y=-50 cm and y=100 cm for E2 

  
z (cm) 

x (cm) 
y=-100 cm y=50 cm y=0 cm y=-50cm y=100 cm 

t=3 h 

Minimum 
16.7 cm  

30 cm 
No scour No scour No scour 

16.7 cm  

30 cm 

Maximum 
23.3 cm  

90 cm 

21.7 cm  

0 cm 

20.5 cm  

10 cm 

20.3 cm  

30 cm 

22.7 cm  

80 cm 

t=9 h 

Minimum 
16.9 cm  

30 cm 
No scour No scour No scour 

17.3 cm  

30 cm 

Maximum 
23.4 cm  

60 cm 

20.6 cm  

150 cm 

20.6 cm  

20 cm 

20.4 cm  

30 cm 

24.2 cm  

80 cm 

t=15 h 

Minimum 
18.8 cm  

30 cm 

18.3 cm  

80 cm 

16.3 cm  

20 cm 

17.6 cm  

90 cm 

19.0 cm  

40 cm 

Maximum 
24.6 cm  

100 cm 

24.0 cm 

150 cm 

21.6 cm  

480 cm 

22.1 cm  

280 cm 

25.0 cm  

100 cm 

 

The rate of change in bed elevations are shown in Figure 4.16. The pink-colored area 

represents where the rate of change in bed elevations was 0 cm/h. The bed rate of 

change in bed elevations was between -1.23 cm/h and 0.96 cm/h and their average 

was 0.08 cm/h in the first 3 hours of the experiment. The maximum and minimum 

values of the rate of change in bed elevations were 0.6 cm/h and -0.15 cm/h and their 

average was 0.05 cm/h between 3 hours and 9 hours. The rate of change in bed 

elevations was between -0.7 cm/h and 0.8 cm/h and their average was obtained as 

0.06 cm/h in the last 6 hours of the experiment.  

The rate of change in bed elevations decreased and the pink-colored area increased 

until 9 hours. Then, the rate of change in bed elevations increased in the last 6 hours 

depending on the sediment load.  
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Figure 4.16: The bed elevation change rates for E2 (a) 0-3 h, (b) 3-9 h, (c) 9-15 h 
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Figure 4.17 presents the longitudinal profiles of bed morphologies and flow depths at 

y=50 cm, y=0 cm and y=-50 cm with the initial bed at the end of the experiment.  

 

 

 

 

Figure 4.17: Final longitudinal profiles of flow depth and bed morphology for E2  

(a) y=50 cm, (b) y=0 cm, (c) y=-50 cm 
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The final flow depths and the bed morphologies in the middle of the tributaries are 

shown in Figure 4.18.  

 

 

Figure 4.18: Final flow depth and bed morphology in tributaries for E1 (a) Right,  

(b) Left 
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The bed morphologies t=3 h were the same for both experiments. Because the effects 

of the sediment load didn’t reach the main channel. 

While a scour corridor formed in E1, the sediment load from the tributaries 

prevented to develop erosion in the tributary mouths and it wasn’t observed a scour 
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The bed topographies for all channels and the plan views of the main channel are 

shown in Figure 4.19 and Figure 4.20. 

As seen in Figure 4.19 and Figure 4.20, the bed elevations in the tributaries were 

higher with sediment feeding.  

 

 

Figure 4.19: E1 (a) The bed topographies, (b) The plan view  
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Figure 4.20: E2 (a) The bed topographies, (b) The plan view 

Depending on the amount of sediment load, larger, higher, and wider bank-attached 

bars were observed at the end of the E2. 

While no scour hole was formed in E1, according to the effect of the sediment load, a 

scour hole was observed at the end of E2. 

 

 

 

(b) 

(a) 

Left side 

Right side 
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Chapter 5 

Conclusions 

In this study, two experiments were carried out on the open channel confluence in 

İzmir Katip Çelebi University Hydraulics Laboratory, where two symmetrical side 

tributaries are connected to the main channel at an angle of 90˚. This study aims to 

identify the effects of sediment load on the time evolution of the morphology of a 

large-scale laboratory movable-bed symmetrical confluence. While the flow rate 

from the tributaries is equal and 20 l/s for both experiments, the amount of sediment 

loads was different and set as 0 kg/min and 0.1 kg/min for E1 and E2, respectively. 

The flow depth at downstream of the confluence with the cover at the downstream of 

the experimental set-up was adjusted to be 5 cm. The same conditions were 

maintained for three different periods of 3 hours, 9 hours, and 15 hours, and at the 

end of each period, the experiment was paused to obtain the bed elevations. 

Bed topography was not only obtained at the end of the experiment but the time 

evolution of bed topography was also investigated.  

In this chapter, the findings of this study are listed below. 

For the E1; 

• Maximum bed elevation of the bank-attached bar was 23.2 cm t=3 h. 

• Maximum bed elevation of the bank-attached bar was 23.7 cm t=9 h. 

• Maximum bed elevation of the bank-attached bar was 24.1 cm t=15 h. 

• Minimum bed elevation of local scour at the downstream corner of the 

confluence was 16.7 cm t=3 h. 

• Minimum bed elevation of scour corridor was 18.4 cm t=9 h. 
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• Minimum bed elevation of scour corridor was 17.8 cm t=9 h. 

• There was no scour hole at the confluence. 

• The water surface slopes were calculated as -0.0013, -0.0016, and -0.0013 at 

y=50 cm, y=0 cm, and y=-50 cm of the main channel t=15, respectively. 

• The water surface slopes were calculated as 0.05, and -0.03 in the middle of 

the right and left tributaries  t=15, respectively. 

For the E2; 

• Maximum bed elevation of the bank-attached bar was 22.9 cm t=3 h. 

• Maximum bed elevation of the bank-attached bar was 23.9 cm t=9 h. 

• Maximum bed elevation of the bank-attached bar was 25.3cm t=15 h. 

• Minimum bed elevation of local scour at the downstream corner of the 

confluence was 16.7 cm t=3 h. 

• Minimum bed elevation of scour corridor was 18.4 cm t=9 h. 

• There was no scour corridor depending on the sediment load in the 

tributaries. 

• At the end of the E2, a scour hole was observed, and the scour depth was 4 

cm. 

• The water surface slopes were calculated as -0.0016, -0.0017, and -0.0013 at 

y=50 cm, y=0 cm, and y=-50 cm of the main channel t=15, respectively. 

• The water surface slopes were calculated as -0.06, and -0.06 in the middle of 

the right and left tributaries  t=15, respectively. 

Depending on the amount of sediment load, larger, higher, and wider bank-attached 

bars were observed at the end of the E2. The maximum bed elevation of the bank-

attached bar in E1 was 1.2 cm higher than in E2 at the end of the experiments. 

While no scour hole was formed in E1, according to the effect of the sediment load, a 

scour hole was observed at the end of E2. 

In further studies: 

• Effects of flow rate on bed morphology of symmetrical confluence can be 

examined by performing experiments under different discharge conditions, 
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• The bed topography can be obtained, and results may be compared for the 

cases with higher sediment feeding amounts in the tributaries,  

• The duration of the experiment may be extended until the equilibrium 

condition is reached. 
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