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Abstract

Two experimental tests carried out under mobile bed conditions, with different sediment rates
in both channels are presented with the aim of studying the bed topography evolution in a
discordant bed channel confluence and analyzing the interaction between the bed topography
and flow in the confluence. During the tests, bed topography surveys and water level profiles
were recorded at the beginning, at equilibrium and at different instants of the experiment.
Discharge ratio and flow-morphology interaction were identified as influent factors on the bed
topography evolution for both channels.
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1. Introduction

During the last century, many river training works were carried out with the aim of satisfying
societal needs, i.e. aiming at flood protection, human and industrial water supply or irrigation.
Along this process, many environmental aspects were neglected causing several and important
impacts on the fluvial ecosystems, mostly through important morphological changes.
Nowadays, many tributaries are environmentally disconnected from the main river due to
channelization works. To deepen the knowledge of the hydro-morphodynamic processes at
these key areas is essential to rehabilitate the original environment at river confluences. The
hydrodynamics of river confluences is reasonably well known. Previous studies performed
physical and numerical experiments which allowed the development of conceptual models to
describe the different flow features observed at confluences. Best (1987) described the flow in
river confluences by a scheme in which there are six main zones, corresponding to: flow
deflection, flow stagnation, flow separation or recirculation zone, maximum velocity, shear
layer and flow recovery zone. Weber et al. (2001) characterized the 3D flow dynamic patterns
based on experiments in a 90° confluence channel with fixed and concordant bed. A three-
dimensional shape of the flow separation zone (smaller at the bottom) and a warped shear
surface were identified for equally wide tributary and main channel.



P. Biron, Best, & Roy (1996) and Bradbrook et al. (2001) analyzed the effects of discordant bed
on the flow dynamics at open channel confluences. Their facility consisted of a confluence
model with a 30° confluence angle in which the main and tributary channels were 0.12 m and
0.08 m wide respectively. The post-confluence channel was 0.15 m wide to avoid a significant
increase in Froude number.

As results of these tests, Biron et al. (1996) concluded by the absence of flow deflection near the
bed. Moreover, the discordant bed morphology caused the absence of a flow separation zone
at the downstream corner of the confluence and the reduction of the flow acceleration zone in
the post-confluence. These last effects created an upwelling flow at the downstream junction
corner.

However, few laboratory experiments were carried out under mobile bed conditions. These
include the studies of Mosley (1976), Best (1988), Best and Rhoads (2008), Leite Ribeiro (2011)
and Leite Ribeiro et al. (2012a; b). Most of the developed morphologic models were based on
concordant beds with the exception of Boyer et al. (2006), based on a natural confluence, and
Leite Ribeiro (2011) and Leite Ribeiro et al. (2012a; b) who only supplied sediment to the
tributary.

Leite Ribeiro et al. (2012a; b) also described the bed morphology of river confluences by five
morphological features. These features are bed discordance, which corresponds to the
difference between tributary and main-channel bed levels; deposition bar, that is placed along
the inner bank downstream of the confluence; avalanche faces of the deposition bar, which
constitute the coarse sediment corridor; fine sediment corridor formed on top of the bar near
the inner bank; and a slight erosion zone close to the outer bank, associated with the zone of
maximum flow velocity.

Based on this conceptual model, Leite Ribeiro et al. (2012a; b) defined the bed discordance as
the origin of a two layer flow structure in which tributary flow protrudes in the upper part of
the water column of the main channel deflecting the main-channel flow towards the outer
bank.

As the bed discordance protects the lowest part of the water column of the main-channel flow
from the tributary flow, the main-channel flow deflection only occurs over the upper part of
the water column. Hence, the bed discordance inhibits the formation of a zone of horizontal
flow recirculation allowing the main-channel flow to move unimpeded downstream.

This paper presents the results of an experimental study on the bed topography evolution in a
discordant bed channel confluence where sediments were supplied in both channels.

2. Methodology

Two experimental tests were performed in a laboratory confluence consisting on an 8.5 m long
and 0.5 m wide straight glass flume corresponding to the main channel and one PVC channel
4.9 m long and 0.15 m wide channel that corresponds to the tributary, which connects with the
main channel 3.60 m downstream its inlet with an angle of 90°. Both channels are rectangular
with smooth vertical banks. The results in this paper use the Cartesian coordinates X, Y and Z
for the longitudinal, transversal and vertical directions referring to the main channel, as
indicated in Figure 1.
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Figure 1. Plan view of the laboratory confluence. The shadow area represents the
measurements domain.

Two discharge ratios (Qr) were tested. The discharge ratio (Q;) is defined as the ratio between
the tributary discharge (Q:) and the main discharge (Qm), upstream of the confluence, i.e.
Q: = Q: / Qm. For all tests, the total post confluence discharge at the (Q,.c) was set to 30 1/s and
kept constant (see Table 1). The two scenarios are herein called, intermediate and low.

Table 1. Tested scenarios.

Discharge Qt Qn O[] Qs Qst
scenario [1/5] [1/5] ! [kg/min] [kg/min]
Intermediate 3.9 26.1 0.15
Low 3.0 27.0 0.11 030 020

Two types of sediments were supplied during the tests, one at each inlet of both channels (cf.
Figure 2 and Table 2). For the tributary, a mixture composed by 80% of 0-4 mm sand and 20%
of 4-8 mm gravel was used. This mixture presented a gradation coefficient o, defined as 0 = 0.5
(dss/dso + dso/ dis), of 4.15, corresponding to poorly sorted sediments. For the main channel,
the same 0-4 mm sand used for the tributary was used as initial bed material as well as
supplied sediment. The gravel part was removed to avoid armoring layer effect in the
approach main-channel bed. Table 2 depicts the density value (ps), gradation coefficient (o),
and characteristic sizes where dr, is approached by des, and dy is the grain size diameters for
which x% of the sediments by weight have smaller diameters. The sieving curves of the
sediments for each channel are depicted in Figure 2.

Table 2. Main characteristics of the supplied sediment.

Ps o dao dso dm doo
Channel
[kg/m’] [] [mm] [mm] [mm] [mm]

Tributary 2650 415 04 0.8 23 5.7

Main channel 2650 3.50 04 0.8 14 3.0
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Figure 2. Grain size distribution for supplied sediment into tributary
and main channel.

The sediment rates for the tributary and main channel were defined assuming as initial
hypothesis that the longitudinal bed slope, and grain size distribution were representative to
those observed at the Upper-Rhone River confluences (Leite Ribeiro et al., 2012a; b). Hence, the
hypothetical bed slopes were set to 1.0% for the tributary and between 0.3% - 0.4% for the
main channel. With these slopes, the defined discharges scenario and assuming uniform flow
in both channels, the sediment rates for both channels were estimated using the formula
proposed by Smart & Jaeggi (1983) and Smart (1984):

= By x X —— xR ><U><s°-6><(s n )+(d9°)0'2
Qp = Br X ps X g X Ry 121xR,) " \ds,

(1]
where Q, is the sediment transport rate (bed load) in m3/s, Br is the width of the flume in m, ps
is the sediment density (2650 kg/m?), s is the relative sediment density (ps/p = 2.65), p is the
water density (p = 1000 kg/m?3) R; is the hydraulic radio in m, U is the mean water velocity in
m/s, S is the slope of the channel bed, and dm, do, and dsp are characteristic grain diameters
obtained from the grain size distribution of each type of sediment in m (see Table 2 and Figure
2). This formulation is suitable for the range of diameters and slopes used in the present
research and it is widely used in the study of Swiss rivers under similar conditions.

Finally, one constant sediment rate was chosen for each channel from all the computed values.
Thus, the adopted sediment rate for the main channel (Qsm) was 0.3 kg/min whereas for the
tributary (Qst) was 0.5 kg/min. It was verified later that the adopted sediment rates imposed
an equilibrium bed slope close to the hypothesized for each flume.

The channel bed was prepared using different sediment mixtures for each flume; 0-4 mm sand
for the main channel and sand-gravel for the tributary. A step of between 0.02 and 0.04 m was
made at the junction between main channel and tributary, imposing discordant bed
morphology. Also, a longitudinal slope flatter than 1.0% was imposed in the tributary. This
bed morphology does not affect to the final topography since, as verified later, the initial slope
and the initial step are smaller than those reached in equilibrium.



Once the channel bed was prepared, the model was slowly filled up with water and both bed
topographies (tributary and main channel) were measured before the beginning of the tests. By
comparing the initial bed surface with the one corresponding to the equilibrium state, scour
and deposition areas were later identified.

Water level and bed topography surveys were made after the first 1 and 7 hours of the test,
and when the equilibrium was reached. Topography measurements were taken by a Mini-
Echo-Sounder + Imm of accuracy. For water level measurements, an ultrasonic limnimeter (+ 1
mm accurate) was used.

The tests were run up to reach the equilibrium, i.e. when the ratio between outgoing and
incoming sediment discharges was 90% or larger. To check the sediment transport rate at the
downstream end, the outgoing sediments were weighted periodically, considering them
completely saturated. Additionally, equilibrium was also checked by looking at the evolution
of topography surveys.

3. Results and discussions

To analyze the bed topography evolution, three bed longitudinal profiles are herein
considered and analyzed in detail for each test, corresponding to the main channel at Y = 0.05
and 0.45 m, and to the tributary axis at X = 0.60 m (see Figure 3).
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Figure 3. Measurements domain. Red lines represent the
analyzed longitudinal profiles.

Figure 4 depicts the bed topography and water surface evolution for the low discharge
scenario (Q; = 0.11) by means of the above mentioned profiles.

During the first hour of the test, a scour hole was observed at the tributary mouth (cf Figure 4 b
and c). In the meantime, the supplied sediment in the tributary deposited raising the bed level
as shown in Figure 4c. The eroded material from the tributary mouth was transported
downstream along the inner bank of the main channel (cf. Figure 4b). The bed topography at
the outer bank of the main channel did not present remarkable changes during the first hour.

After the first 7 hours of the test, the main channel bed topography presented generalized
erosion at the outer bank (cf. Figure 4a) whereas at the inner bank (cf. Figure 4b) a deposition
bar begun to form with the sediment from the tributary downstream of the confluence.
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Figure 4. Topography profiles at t= 0, 1, 7 and 14 hours of experience, and water
level profiles at t = 1 h and at equilibrium for the main channel at Y = 0.05 m (a)
and Y= 0.45 m (b) and for the tributary at X = 0.60 m (c). Results corresponding to
the low scenario (Qr = 0.11).



In the tributary, the supplied sediment kept depositing, raising the bed level and increasing
the bed discordance exactly at the junction with the main channel (cf. Figure 4c).

Finally, at equilibrium state the deposition bar was completely developed at the main channel
inner bank (cf. Figure 4b) and the sediment supplied by both channels deposited raising the
bed level along the main channel as shown in Figure 4a, compared with the state
corresponding to 7 h of experience. In the tributary, a slight increase in the bed level was
observed during the last 7 hours whereas the bed slope was kept roughly equal. The bed
discordance was reduced due to the deposition observed in the main channel (cf. Figure 4c).

Water surface registered an increase of the slope in the main channel downstream of the
confluence (cf. Figure 4a and b) due to the reduction of the effective flow section caused by the
formation of the deposition bar, which in turn led to a flow acceleration at the outer bank of
the main channel. Upstream of the confluence, the water level kept practically the initial water
depth and remained practically horizontal due to the backwater curve caused by the tributary
inflow. In the tributary, water surface evolved increasing the slope and reducing the water
depth, which led to an increase of the flow velocity in the tributary (cf. Figure 4c).

Similar patterns are observed in Figure 5 that represents the results for the intermediate
discharge scenario (Q; = 0.15).

After the first hour of the test, a scour hole is also observed at the tributary mouth (Figure 5b
and c) but the deposition in the tributary is smaller than that observed for Q. = 0.11. This
difference is motivated by the larger transport capacity of the tributary as the discharge in this
is larger in the intermediate. Furthermore, in the main channel the deposition bar begun to
form at the inner bank with the sediment from the tributary, which reduced the effective flow
section in the main channel increasing the flow velocity at the outer bank of the main channel
eroding the bed (Figure 5a). This erosion at the outer bank of the main channel after 1 hour of
test contrasts with the bed topography evolution for the low discharge scenario (Q: = 0.11),
where no changes were observed for such period and may be justified by the larger transport
capacity of the tributary in the intermediate discharge scenario.

After 7 hours of test duration, the bed topography in the main channel evolved increasing the
bed level and the height of the deposition bar at the inner bank (cf. Figure 5b). Deposition was
also observed at the outer bank from X = 0.00 to 1.00 m (cf. Figure 5a) whereas the erosion is
slightly deeper at this bank compared with the observed after 1 hour. On the contrary to the
low discharge scenario (Figure 4), where erosion predominated in the main channel after the
first 7 hours, for the intermediate discharge scenario, deposition predominated in the main
channel. This was reflected on a generalized increase of the bed level in the main channel (cf.
Figure 5a) and b). This difference may be justified since the main-channel discharge for the
intermediate scenario (Qm = 26.1 1/s) is lower than the discharge corresponding to the low
scenario (Qm = 27.0 1/s), whereas for the tributary the discharge changes from Q. =3.0 1/s for
the low scenario to Q; = 3.9 1/s for the intermediate and thus, for the intermediate scenario, the
sediment transport capacity is smaller in the main channel and larger in the tributary,
compared with the low scenario, which allows larger depositions. In the tributary (Figure 5c),
after 7 hours, the bed topography evolved increasing the bed slope, raising the bed level
mostly upstream, and filling partially the hole created at the tributary mouth created during
the first hour of the test.
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Figure 5. Topography profiles at t= 0, 1, 7 and 14 hours of experience, and water
level profiles at t = 1 and at equilibrium for the main channel at Y = 0.05 m (a)
and Y= 0.45 m (b) and for the tributary at X = 0.60 m (c). Results corresponding to
the intermediate scenario (Qr = 0.15).



At equilibrium, the deposition bar at the inner bank of the main channel was further
developed (cf Figure 5b) whereas at the outer bank, the erosion was deeper and longer than
the observed after 7 hours. This erosion was created during the formation of the deposition
bar. As the volume of the bar increased, the effective flow section was reduced and the flow at
the outer bank was accelerated. The bed topography in the tributary reached the equilibrium
increasing slightly the bed level mostly downstream compared to the state at 7 hours.

The evolution of the water surface for this discharge scenario is very close to that observed for
the low discharge scenario. The most remarkable difference between this discharge scenario
(Qr = 0.15) and that with Q, = 0.11 lay on a smoother change of the water surface slope from
the state corresponding to 1 hour and the equilibrium state for Q; = 0.15 (intermediate).

4. Conclusions

Discharge ratio (Q;) and flow-morphology interaction were identified as influent factors on the
bed topography evolution in a mobile bed channel confluence with sediment feeding on both
channels.

The discharge ratio directly affects the sediment transport capacity of each channel,
influencing the deposition and erosion processes for each channel for a given bed morphology.
For instance, the low discharge scenario presented larger depositions in the tributary bed (cf.
Figure 4c) for each analyzed period compared with the results observed for the intermediate
scenario (cf Figure 5b). In the main channel, for the low discharge scenario (Q; = 0.11), as the
main-channel discharge upstream of the confluence (Qm = 27 1/s) is larger than that for the
intermediate scenario (Qm = 26.1 1/s), erosion predominating upstream of the confluence
during the period between 1 and 7 hour of test experience (cf. Figure 4a), whereas for Q. = 0.15
deposition is observed for the same period in the same region (cf Figure 5a).

Flow-morphology interaction is also an important factor in the bed topography evolution. For
both discharge scenarios, the formation of the deposition bar at the inner bank of the main
channel is closely related with the observed erosion at the outer bank of the main channel. This
erosion is produced by the flow acceleration which, in turn, is caused by the reduction of the
effective flow section due to the deposition bar. The erosion at the outer bank of the main
channel does not appear until the deposition bar of the inner bank begins to form. This pattern
is observed for both discharge configurations in the Figure 4a and b and Figure 5a and b.
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