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Abstract: River confluences are dynamic zones where hydrodynamic interactions between
tributary flows—varying in velocity, direction, and sediment concentration—can signif-
icantly alter hydro morphology. These changes feature substantial consequences for the
stability of riverbanks, nearby hydraulic structures, and the surrounding environment. This
paper investigates flow mechanisms and sediment dynamics in a symmetric 50° confluence
through laboratory experiments on a scaled physical model of a real confluence located
on Madeira Island, Portugal. Acoustic Doppler velocity measurements were used to an-
alyze the hydrodynamic characteristics, while bathymetry was surveyed using an RGB
sensor and the Structure from Motion technique. Sedimentation patterns were correlated
with key flow zones within the confluence. This study highlights how variations in dis-
charge and momentum ratios influence sediment distribution and morphology, potentially
destabilizing riverbanks and contributing to sediment deposition and erosion patterns.
Understanding these mechanisms is critical for improving the sustainable management of
water resources and minimizing anthropogenic impacts on fluvial systems. The findings
provide valuable insights for enhancing river resilience, protecting natural watercourses,
and supporting sustainable development by promoting informed planning of hydraulic
structures and sediment management strategies.
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1. Introduction

The interaction of two streams at fluvial confluences leads to significant transfers of
mass and momentum, establishing these nodes as critical elements of the fluvial corridor.
The interactions can profoundly influence downstream conditions by introducing water,
sediment, wood, or ice into the main river system (cf. [1]). Differences in velocity, flow
direction, and sediment concentration between tributaries create complex hydrodynamic
and morphodynamic processes in the downstream reach. Due to the inherent complexity
of these processes, scientific investigations into river channel confluences have evolved
gradually over time [2].

The flow mechanisms in fluvial confluences are primarily governed by the mixing
of tributary flows. Mosley [3] distinguished between symmetrical confluences, where
tributaries merge to form a new downstream channel, and asymmetrical confluence, where
a tributary joins a main channel laterally. In symmetrical confluences, the main flow
mechanisms, as illustrated in Figure 1, include flow stagnation immediately downstream of
the junction, deflection of the tributary flow, flow separation zones, shear layers, maximum
velocity regions, gradual flow recovery, and secondary currents (see, for example, [3,4]).
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These mechanisms play a critical role in determining the spatial and temporal distribution
of flow velocities and sediment transport, influencing the long-term morphology and
stability of the confluence zone.

Flow recovery
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Figure 1. Main flow mechanisms in symmetrical confluences (adapted from [5]).

The geometry of a confluence significantly influences flow structures, with factors
such as confluence angle (), momentum and discharge ratios, and symmetry playing
key roles [5]. Increased confluence angles have been linked to enhanced flow stagnation
and separation [6]. While most flow studies use in situ or laboratory methods, Bradbrook
et al. [7] employed numerical approaches to show the effects of confluence angles and
tributary turbulence on downstream flow. Similarly, Nazari-Sharabian et al. [8] devel-
oped numerical guidelines for managing flooding at a submerged drainage confluence.
Confluences with bed discordance distort mixing layers as deeper channel flows laterally
entrain into the separation zones [9]. Downstream of such confluences, secondary cells
form between jet flows and inner banks.

Understanding the influence of flow dynamics on sedimentation is essential for ef-
fective river management, as erosion affects riverbank stability, vegetation, and sediment
deposition [10]. While clear water flow mechanisms are well-studied, sediment transport
processes at confluences remain less explored [11]. Guillén-Ludefia et al. [12,13] studied
hydro-morphological processes in confluences where narrow, steep tributaries join wide,
low-gradient main channels. They observed key discordant features, such as a so-called
avalanche face at the tributary mouth and a bank-attached bar in the post-confluence zone,
highlighting areas of significant sediment deposition and erosion. In mountain river con-
fluences, junction angle and discharge ratio were identified as critical factors influencing
hydrodynamics and morphology. High sediment loads from tributaries contribute to bed
discordance, affecting flow, habitat, flood risk, and sediment management.

For steep tributaries with high sediment loads, Leite Ribeiro et al. [14] identified
significant bed discordance due to contrasting flow regimes: tributary flows occupy up-
per layers, while the main channel dominates the lower layers, shaping downstream
sedimentation patterns.

The impact of shear layer distortion on turbulent flow structures in asymmetric
channel confluences was demonstrated by Yuan et al. [15], who found stronger helical cells
formed when tributary flow rates exceeded those of the main channel. Key turbulence
characteristics—such as Reynolds shear stress, maximum turbulent kinetic energy, and



Sustainability 2025, 17, 3790

30f16

ejection and sweep events—were concentrated at mid-water depths, closely tied to shear
layer distortion. Higher discharge ratios increased velocity, turbulence, and shear stress,
while reduced discharge amplified shear layer distortion. These insights are essential
for understanding sediment transport, as turbulent structures and shear stresses drive
sediment entrainment, transport, and deposition.

The influence of sediment discharge on the morphology of a movable bed in an
asymmetric open channel confluence was investigated by Bombar and Cardoso [16]. The
authors observed that larger sediment inputs, associated with higher stream powers, caused
significant morphological changes for a given water discharge ratio. Similarly, Lewis and
Rhoads [17] measured real-world hydrodynamics, linking flow mechanisms to scour hole
formation. Higher discharges produced pronounced scour near the margins, while lower
discharges shifted scour holes toward the channel center. Helical currents and shear layers
emerged as key influencing factors.

A defining feature of confluence flow mechanisms is shear layer distortion, caused by
tributary flow penetrating the main channel [15]. This behavior distinguishes confluences
from other sheared flows, such as compound channels (e.g., [18]). Zhang et al. [19] explored
hydrodynamics and bed morphology at the confluence of the sediment-laden Yellow
River and the clear Fen River, revealing elevated water surfaces in stagnation zones and
lower elevations at the junction corner. The size and location of critical regions—such as
stagnation zones, acceleration areas, shear layers, and flow recovery zones—were primarily
shaped by momentum transfer ratios.

Nazari-Giglou et al. [20] examined the flow and geometrical conditions leading to
sediment motion in channel confluences, emphasizing the significance of flow velocity,
confluence angle, discharge and width ratios, and bed material properties. These factors
play a vital role in predicting sediment transport and deposition patterns, which are
fundamental for river engineering, habitat restoration, and sediment management practices.

This highlights the importance of sediment transport studies in confluences, as vari-
ations in sediment load and flow conditions can lead to substantial changes in channel
morphology, affecting floodplain stability and infrastructure. Understanding these patterns
is crucial, as the formation and evolution of scour holes can influence sediment routing,
habitat structures, and the long-term stability of confluence zones.

This paper investigates the three-dimensional flow structure and turbulence field in a
symmetric 50° confluence, aiming to establish links between these hydrodynamic features
and observed riverbed hydromorphology. A non-distorted 1:60 scale physical model of
the confluence was developed for experimental purposes. Following Alizadeh and Fer-
nandes [21], controlled experiments were conducted to analyze the effects of tributary
momentum and width ratios on hydrodynamics and sediment routing. Velocity fields for
five flow cases with varying tributary momentum and width ratios were measured using
acoustic Doppler velocimetry. These high-frequency measurements allowed the charac-
terization of the turbulent statistics. Additionally, sedimentation patterns downstream of
the confluence were characterized through point measurements, infrared imaging, and
photogrammetry. These findings are critical for managing sediment transport in natural
and engineered river systems, supporting aquatic habitat stability, and improving sediment
management strategies.

The scientific gaps addressed in this study primarily relate to the limited understand-
ing of sediment transport dynamics and hydrodynamic interactions in symmetric river
confluences. While previous research has extensively investigated flow structures and
turbulence in natural and experimental settings, sediment transport mechanisms remain
insufficiently explored, particularly in controlled laboratory environments. Many stud-
ies have focused on clear-water hydrodynamics, often neglecting the complex interplay
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between flow structures, sediment entrainment, and deposition. Additionally, existing
research has predominantly examined asymmetric confluences, leaving a gap in knowl-
edge regarding sedimentation patterns in (near-)symmetric confluences, where tributary
momentum and discharge ratios play a crucial role in shaping riverbed morphology. The
absence of high-resolution experimental studies has further constrained the development
of analytical models for sediment transport in engineered and natural river systems.

Using acoustic Doppler velocimetry, photogrammetry, and RGB sensor-based bathy-
metric surveys, this study provides high-resolution data on sedimentation patterns and
hydrodynamic interactions. The findings reveal the impact of tributary momentum and
discharge ratios on sediment deposition, scour formation, and shear layer development.
These insights enhance the understanding of sediment transport processes in confluences,
offering valuable guidance for sustainable river management, flood risk mitigation, and hy-
draulic structures management. This study also contributes to refining numerical models by
providing empirical data that can improve the accuracy of sediment transport simulations
in river confluences.

2. Materials and Methods
2.1. Site and Scaled Model

The experiments were conducted in a model of a symmetric confluence located in Fun-
chal, Madeira Island, Portugal. Joao Gomes and Santa Luzia Creeks are the two tributaries
that join in a confluence at coordinates 32°38’49.7” N and 16°54'17.9” W and flow directly
to the Atlantic Ocean, as presented in Figure 2a,c.

Jodo Gomes
watershed
A=12.9 km?
P=24.1km
Q2oy=177 m3/s
Quo0y=226 m3/s

css Cs6

Joint channel == (040m

Figure 2. (a) Location of the watersheds on Madeira Island; (b) hipsometry and watershed character-
istics; (c) Google aerial view; (d) schematic representation of the confluence flume.

The watersheds of these creeks are presented in the hypsometric map in Figure 2b.
They have a similar area and shape, and as the soil characteristics are also approximately
the same, previous studies showed that the sediment transport due to a 100-year return
period flood are similar for both tributaries. Figure 2b also features the corresponding flood
discharge flows for return periods of 20 and 100 years. The land use is predominantly forest
and urbanization. The final reach comprises a confluence that was constructed in concrete
as a regularized channel.
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In order to study the hydrodynamic characteristics and sediment transport in this
confluence, a 1:60 scale model was constructed at the National Laboratory for Civil Engi-
neering (LNEC) in Lisbon, Portugal. For this open-channel model, Froude similarity was
used due to the highly turbulent phenomena and the fact that energy dissipation depends
mainly on turbulent shear stress terms [22].

In the flume, Jodo Gomes and Santa Luzia creeks were designated as tributaries 1 and 2,
respectively, with widths (b1 and b2) of 0.17 m and 0.25 m and heights of 0.25 m each. The
joint channel is a concrete structure with a width (b3) of 0.40 m and a height of 0.15 m.
Additional experiments were conducted by reducing the width of Tributary 2 to 0.17 m
to analyze its influence during the experimental campaign, achieving a fully symmetrical
configuration in this case. Both tributaries have a slope of 0.028 m/m, while the joint chan-
nel is horizontal. A schematic representation of the experimental recirculating hydraulic
circuit is shown in Figure 2d.

The streamwise flow alignment was provided by a 3 cm diameter and 30 cm long
circular honeycomb screen located upstream in each tributary. This screen improved the
approach flow and the transition between the constant level reservoirs (not represented)
and the tributary channels. In the downstream section, a flap tailgate imposes the subcritical
flow depth.

2.2. Control Variables and Parameters

This experimental study aimed to characterize how channel width and momentum
ratio influence flow structure and sediment transport in confluences. To achieve this
goal, five flow cases, labeled FC1 to FC5, were conducted. Table 1 summarizes the key
parameters of these experiments. Each flow case features a constant discharge in each
tributary, denoted as Q; and Q,. Additionally, the corresponding momentum transfer,
calculated as M = p QU (where p is the volumetric mass density and U is the cross-sectional
averaged velocity), is provided.

Table 1. Characteristics of the flow cases (FCs).

b b M M Sediment
Flow 1 2.5 1 Q2 1 2 Re, Re; Discharge (1/s)
Case m m (s s P Ggmsd agmsy MM P Bz g o 1 2
FC1 0.17 0.25 7 3 0.4 2.86 0.33 8.6 0.60 0.14 7.94 2.69 0.007 0.011
FC2 0.17 0.25 3 7 2.3 0.49 1.79 0.23 0.24 0.34 3.29 6.29 0.007 0.011
FC3 0.17 0.25 5 5 1 1.35 0.90 1.5 0.39 0.23 5.44 4.46 0.007 0.011
FC4 0.17 0.17 5 5 1 1.32 1.34 0.98 0.38 0.39 5.36 5.41 0.007 0.011
FC5 0.17 0.17 3 7 2.3 0.48 2.62 0.18 0.23 0.54 3.22 7.56 0.007 0.011

The table also includes the Froude number (Fr = U/ \/gh, where g is the acceleration
due to gravity and  is the flow depth) and the Reynolds number (Re = 4UR/v, where
R is the hydraulic radius and v is the kinematic viscosity). These parameters are crucial
for understanding the dynamics of flow in the experimental setup and provide insights
into the hydraulic conditions governing sediment transport and flow characteristics at
the confluence.

Figure 2d shows the Cartesian orthogonal coordinate system (the x, v, z and u, v, w
symbols were used for position and velocities in longitudinal, transverse, and vertical direc-
tions, respectively). The origin is located on the right side, downstream of the confluence.
When relevant, the positions x, y, and z were nondimensionalized by the downstream
channel width, B;,. These normalized variables were named X = x/B;;, Y = y/By;, and
Z =z/By,. As only one flow case features complete “symmetric” conditions, this confluence
may be referred as “nearly-symmetric”.
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The sedimentation was characterized in additional experiments for the five flow
cases. The sediment load was fixed according to the 100 years return period flood for
tributaries 1 and 2, respectively. These sediments were steadily placed in the upstream
section of each tributary during 1 h (according to Froude similarity). At the beginning
of the experiment, the joint channel downstream of the tributaries was empty and with-
out any sediment. This setup was designed to simulate actual conditions observed on
Madeira Island.

Using a similar Shields parameter, these sediments were characterized by a mean
diameter d5p = 0.43 mm (corresponding to 3.2 mm in the prototype) and a bulk mass density
of 1250 kg/m?3.

2.3. Equipment and Measuring Meshes

The discharge of each tributary was measured by two dedicated electromagnetic
flowmeters with a precision equal to 0.01 1/s.

Water depths were measured as the difference between the water surface and bot-
tom elevations, as given by an ultrasonic probe (UNDK 2016903/S35A from Baumer,
Frauenfeld, Switzerland).

A Vectrino Accoustic Doppler Velocimeter from Nortek, Sandvika, Norway (with an
acquisition frequency of 100 Hz) was used to measure the 3 velocity components. The
measurement uncertainty in velocity is +-0.5% of the measured value or +-1 mm.s~.

Measurement cross sections (CS1 to CS6) are presented in Figure 2d. Each one of
these 6 cross sections comprised a total of 80 measuring points (10 equidistant verticals of
8 points each).

Following the procedures and the setup defined in Goring and Nikora [23] and Fer-
nande and Jonatas [24], in each point, 9000 samples (90 s times 100 samples per second)
were collected, and the phase-space threshold despiking method was used to treat and
filter the raw velocity data.

Two main techniques were used to characterize the sedimentation pattern. After the
experiment, during the equilibrium phase, the flume was drained very slowly to preserve
the final sedimentation pattern. Using this preserved bottom, a 3D reconstruction was
performed with Structure from Motion (5fM) and an RGB sensor to obtain a detailed point
cloud of the bathymetry.

The application VisualSEM proposed by Wu [25] was used for the 3D reconstruction
using the SfM technique. This photogrammetric method is based on a set of multiple
photographs collected from different angles.

An RGB sensor (MS Kinect from Microsoft, Seatle, WA, USA) was used to automat-
ically obtain this point cloud. This sensor comprised a color camera and a depth sensor.
The resolutions of the RGB and depth images were 1920 x 1080 px and 640 x 480 px,
respectively. The frame rate was 30 fps, and the measurement distance range of the target
objects in this study was between 170 and 320 cm. Point cloud data were treated using the
Cloud Compare v.2.13 software.

At the end, additional point gauge measurements were collected to calibrate and
validate the results obtained from the previous techniques.

3. Flow Mechanisms

As the geometric characteristics of the joint channel and total discharge remain con-
stant during the experiments, the water surface profile was mainly determined by the
position of the downstream tailgate. Previous results published in Alizadeh and Fer-
nandes [21] revealed that the water surface profile was approximately the same for all
flow cases.
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Figure 3 presents the non-dimensional streamwise velocity magnitude u /U, where
u is the streamwise velocity and U is the mean cross sectional streamwise velocity. These
results are presented for the 6 cross sections identified in Figure 2d, ranging from CS1 in
the top row to CS6 in the lower row, and for the 5 flow cases, from FC1 in the first column
to FC5 in the last column. In the same plots, the vectors corresponding to the secondary
flows (v for spanwise and w for vertical velocities) are also presented.

0 05 1 15 2 25 3 35 y/U (-)

Figure 3. Non-dimensional streamwise velocity magnitude 1/ U and secondary flow vectors (columns
correspond to the 5 flow cases and rows stand for the 6 cross sections).

The secondary flows plotted in Figure 3 reveal that strong secondary currents are
observed at the beginning of the joint channel (e.g., the first measurement cross section)
for all flow cases. These currents are mainly driven by the momentum ratio. For FC1,
only one secondary flow is observed, whereas FC2 to FC5 feature two secondary cells
with opposite direction (one for each tributary flow). For these latter flow cases, the
two secondary currents seem to be maintained until the last cross section. For FC1, it is
observed that the flow velocity of tributary 1 enhances the magnitude of this secondary
cell, which becomes dominant in the last cross sections.

Corroborating the conclusion from [4], velocity differences from the near bed to the
surface are rather high, making depth average models (i.e., 2D modelling) not suitable
for the complete description of the mixing processes. Even with the same junction angle,
very different secondary patterns were obtained, which is in accordance to the findings
of Bradrook et al. [7], who consider the velocity and momentum ratio as key factors
influencing secondary currents.

Comparing FC1 and FC2 (same discharge distribution but different width), when
lower discharge comes from a wider tributary (as in FC5), the jet flow is not so pronounced.
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The distribution of the non-dimensional velocity magnitude UV = \/ (u/U)*+ (v/U)>
and the spanwise and streamwise velocity vectors u and v are presented in Figure 4a. To

provide a clear presentation, only one of the 8 positions of the plan views for five flow cases
are displayed at Z = 8.

(a) (b)

FC1
Qi=71l/s
Q:=31/s

b1=0.17m
b2=0.25m

FC2
Qi=31l/s
Q:=71/s

bi=0.17 m
b2=0.25m

X(-)

FC3
Qi=51/s
Q:=51/s

b=0.17m
b2=025m

Y (<)

X (=) X ()
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Qi=51/s 7
Q=515 931
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Figure 4. (a) Non-dimensional velocity magnitude UV and spanwise and streamwise velocity vectors
u and v (in the left column) and (b) turbulent kinetic energy (in the left column).
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The region of flow recovery is observed more downstream when the discharge ratio is
far from 1. For flow cases 3 and 4, featuring Q»/Q; = 1, despite some influence of spanwise
flow, flow recovery is faster and transverse symmetry is achieved at the end of the flume.

Due to the abrupt change in the boundary geometry, tributary flows do not remain
connected to the joint channel margins and flow separation is detected. This region is
observed near the side walls for all flow cases along whole flow depth. Momentum
ratio plays an important role in this flow element as it seems to influence its streamwise
development. This is particularly evident for FC1 and FC5 that feature momentum ratios
far from 1. Inverse flow in the flow separation region is not observed due to the relatively
low angle between tributaries. As expected, boundary shear stress leads to the reduction of
velocities near the bottom.

The interaction of the tributary flows at the confluence is one cause for the formation of
the stagnation zone due to flow obstruction. This zone is obvious for FC4 near the surface,
with both momentum and width ratio equal to one. Downstream to this stagnation region
flow deflection is observed in joint channel. This region is visible over the whole junction
depth but more evident and wider near the channel bed. Results seem to confirm Riley &
Rhoads [6] observation that flow deflection is mainly controlled by the momentum ratio
between the tributaries.

Regarding turbulence characteristics, for the same conditions as presented in
Table 1, ref. [22] showed the cross-sectional distribution of turbulent kinetic energy
(TKE = 0.5 (W + o'’ —|—W), where 1/, v/, and w’ stand for the fluctuating velocity
components by Reynolds decomposition. Figure 4b presents the plan view of TKE for the
vertical position Z = 8.

It was observed that TKE gradually decreased towards the channel wall and towards
the bed. The maximum values of TKE occurred close to the joint of the tributaries (at
approximately 10 cm). For flow cases with high momentum ratios (FC5 and FC1), there was
a strong jet flow that hit the wall at cross-section 6, causing high gradients of momentum
and velocity. The results are rather similar for FC3 and FC4 (FCs that feature momentum
ratios close to 1). In these cases, a low magnitude of turbulent kinetic energy was observed.

In all FCs, as flow progresses in the joint channel, turbulence kinetic energy decreases,
and at the end of the joint channel, a more stable flow is observed (flow recovery).

4. Morphodynamics

Sediments were steadily added at the upstream section (near the honeycombs in
Figure 2d), flowing through each tributary toward the confluence. Sediment feeding lasted
1 h, simulating an 8 h real-world event based on Froude similarity. The simulation was
derived from a 100-year return period and was applied equally to both tributaries. The
sediments were eroded, transported, and deposited according to stream power and bound-
ary shear stress. During the feeding period, the sedimentation pattern evolved and was
monitored primarily through observation and photographs, as bathymetry measurements
were not possible. It was clear that the equilibrium was not reached by the end of the
feeding period, so experiments continued for approximately 6 more hours, until a constant
sedimentation pattern indicated equilibrium. Control points were monitored to determine
when this phase was achieved.

The final sedimentation configuration in the equilibrium phase was assessed using
3D reconstruction with photogrammetry and a kinetic sensor, with manual point gauge
checks for control and monitoring. These river morphological patterns in confluences have
significant implications for the management and design of river channels. Confluences
are often sites for flooding, ice jams, and bed and bank instability, which are critical
concerns, as they can threaten riverine infrastructure such as buildings and river docks.
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Nazari-Giglou et al. [20] emphasize the importance of predicting scour depth for the design
of bridges near confluences. Buildings and other structures located near riverbanks can
also be affected by these morphodynamic processes.

Figure 5 illustrates the bed morphology for the five flow cases identified in Table 1. In
the figure, the scale refers to the sediment layer in the channel.

FC1

Qi=71/s,Q2=31/s
b1=0.17 m; b>=0.25m

FC2
Qi=31/5,Q:=71/s
b1=0.17 m; b>=0.25m

FC3
Qi=51/s,Q2=51/s
b1=0.17 m; b2=0.25 m

FC4
Qi=51/s;Q2=51/s
b1=0.17 m; b=0.17 m

FC5

Qi=31/5,Q=71/s
b1=0.17 m; b>=0.17 m

Figure 5. Bed morphology for five flow cases in equilibrium.
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Understanding sediment transport and morphodynamic patterns in river confluences
is essential for mitigating risks associated with flooding and structural instability. Effective
management and design strategies rely on accurate predictions of these processes to protect
infrastructure and ensure the safety and functionality of river channels.

Figure 6 shows the cumulative sediment volume along the longitudinal direction of
the joint channel.

40

FCl —FC2 —FQC3 FC4 —FGCS5

— — o o (O8] O8]
o 6)] o 6]] (=] 1
1

a1

Cumulativesedimentvolume (1)

o

o
o
(9]
p—
p—
(9]

D
[
9]
(O8]
W
a1
1SN

X (=)
Figure 6. Cumulative sediment volume along the channel.

When in equilibrium, the typical morphological pattern in symmetric river confluences
includes the following main characteristics:

(@) A bed transition between each tributary and the joint channel (this discordance can be
so marked that it may be named avalanche slope);

(b) A deep local scour located right downstream of the confluence or aligned with the
tributary direction;

(¢) A dune or bar located in the middle of the joint channel;

(d) A dune or bar located in the lateral region of the joint channel downstream of the
scour in the separation area;

(e) Sediment accumulation near the junction (in the flow stagnation area).

Despite the different patterns for each flow case, some of these elements can be globally
identified in the morphological profile observed.

Figure 6 shows that, except for FC1, despite the different cross-sectional distributions
along the channel, the results for the accumulated settled volume are generally comparable
along the channel. These configurations, which involve different inlet configurations,
promote similar sediment transport, and sediment is more evenly distributed along the
channel length.

The typical features regarding the morphodynamics in sand- and gravel-bed conflu-
ences are a central scour hole, tributary mouth bars, and bank-attached bars in areas of
flow recirculation and stagnation. The physical factors influencing confluence hydraulics
and the resulting morphology include junction angle, bed discordance, discharge ratio, and
upstream planform curvature.

The general pattern comprises a scour corridor aligned with the tributary with the
highest momentum and velocity. This aspect is particularly evident for flow cases FC1 and
FC5, which feature a high momentum ratio between the tributary flows. For the first flow
case, it is observed that a very strong scour hole aligned with tributary 1 (highest discharge
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and lowest width). This configuration of the tributary leads to very high average velocity
that seems to increase the stream power to lift, transport, and divert sediments towards
downstream. This increase of the scour corridor from tributary 1 is complemented by
a mouth bar in the alignment of tributary 2. The same pattern is also observed in FC5
and, to a lesser extent, in FC3 and FC2. However, in these two latter FCs, a pronounced
bank-attached bar is observed near the wall of the lower average velocity.

The morphological configuration obtained in the equilibrium phase for the experi-
ments with high discharge ratios seems to be characterized by strong scour leading to a
excavated hole from one tributary and much less scour in the alignment of the second trib-
utary. This process leads to an “avalanche” profile in this first tributary and it corresponds
to the typical bed discordance confluences with uneven bed elevation and relatively steep
slopes, identified in many cases with the beginning of systematic bathymetric surveys
(e.g., [9]).

Together with the influence of the secondary currents, the shear layer formed in the
interface of the tributary flows plays an important role in the increase of boundary shear
stress and of the scouring process. From our experiments, it is important to point out that
secondary currents were present with the channel even in the absence of sediments.

Characterized by symmetric geometry and equal discharge and momentum between
the tributaries, FC4 is also characterized by a rather symmetric morphologic pattern. In this
flow case, together with the central scour hole, banks are formed near the lateral walls. It is
interesting to compare the formation of these side banks and their longitudinal evolution
with the secondary current vectors (cf. Figure 3). Together with the increasing velocity
magnitude, which leads to an increase in boundary shear stress, the downward flow in
the center of the joint channel helps to lift sediments. Spanwise velocities transfer these
sediments from the center towards the lateral banks which eventually deposit in the lateral
bars. This mechanism can be observed in all flow cases, but in FC4, it is particularly evident,
as there are no other spanwise differences or any other triggering factors influencing
the morphological pattern. The influence of secondary currents seems to be crucial for
this pattern.

Besides this feature, an additional interesting pattern is also clear in FC4. After the
first central scour hole, a second one is formed downstream. Even though it is less evident,
the same pattern also occurs for FC2 and FC3. This feature may be due to the deposit of the
sediments diverted from the first main scour hole. With the decrease in velocity observed
in Figure 4, these sediments form a small central bar. The eroded material that came from
the scour hole was directly deposited downstream uniformly with respect to the alignment
of the scour corridor.

The importance of the secondary currents for the formation of the lateral bars is also
marked when one tries to link the direction and magnitude of these currents and the
sedimentation near the banks. The strong secondary currents of FC2 and FC5 lead to
the formation of high sedimentation in these cases, for instance. Following a numerical
modelling approach, Bradbrook et al. [7] revealed the occurrence of secondary currents
even without any topographic forcing. In the present work, it seems clear that these currents
are a consequence of the mixture between the tributary flows and that they enhance the
scour hole. With the increase in scouring, the secondary currents are also enhanced.

Discordant bed confluences are due to different conditions of sediment transport
upstream. In this case, despite a concordant bed at the beginning of the experiments, very
different bed elevations were obtained, depending on the flow and momentum ratios. Boyer
et al. [26] studied the flow structure in a discordance confluence and investigated the effects
on sediment transport by measuring near-bed flow turbulence, bed load transport rates,
and changes in bed morphology for different flow conditions. High sediment transport
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rates are found at the edges of the shear layer region where the horizontal-vertical cross
stresses are high. These features correspond to changes in bed morphology where erosion
takes place along the shear layer. In our case, it seems that this pattern is followed, as high
scour occurred typically in high shear regions (identified by high TKE in Figure 4). This
feature highlights the importance of the shear layer for the sediment transport, as already
suggested by Yuan et al. [15].

Flow hydrodynamics in a confluence plays a critical role in determining sediment
scouring and deposition patterns. The distribution of flow across the cross sections, coupled
with the influence of secondary flows, creates zones of high and low shear stresses that
govern sediment behavior. For instance, areas with strong secondary currents, influenced
by the tributary momentum ratio and flow deflection, enhance sediment scouring by
increasing turbulence and boundary shear stress. Conversely, zones of flow stagnation or
reduced velocity, such as those observed near the interface of tributaries or in downstream
flow recovery regions, promote sediment deposition.

The shear layer contributes significantly to sediment redistribution. Its distortion,
caused by the interaction between tributary flows, creates high-turbulence regions that
drive sediment entrainment and transport. The interplay of these flow mechanisms sup-
ports the development of key morphological features, such as scour holes, sediment bars,
and bed discordance, as highlighted in the experiments. In cases with higher tributary
momentum, sediment scouring is more pronounced along the flow-aligned scour corridor,
with eroded material being transported downstream before settling in lower-energy regions.
In contrast, for more balanced discharge ratios, sediment distribution is more uniform,
with deposition occurring in predictable patterns, such as mid-channel dunes and lateral
bars. These findings align with previous studies on sediment transport in river confluences,
reinforcing the importance of tributary flow conditions in determining confluence morphol-
ogy. The formation of avalanche slopes and bed discordance in certain flow cases further
supports the role of momentum asymmetry in shaping sedimentation patterns.

The findings align with previous studies, such as those by Yuan et al. [15] and Bombar
and Cardoso [16], which emphasize the role of turbulence in sediment transport dynamics.
Similar to these studies, the observed scouring and deposition patterns in the scale model
reflect the influence of momentum and width ratios on hydromorphological processes.
However, notable differences emerge, such as the specific length and depth of scour corri-
dors, which may be attributed to variations in experimental setup, sediment characteristics,
or confluence angles.

5. Discussion
5.1. Hydrodynamic Interactions and Flow Recovery

The results reveal an important influence of tributary momentum and discharge ratios
on flow structures at the confluence. Velocity measurements demonstrated that stronger
secondary currents developed when momentum ratios were high, with counter-rotating
cells persisting downstream. In flow cases with balanced discharge ratios (such as FC3
and FC4), flow recovery occurred faster, leading to more uniform velocity distributions. In
contrast, flow cases with significant momentum asymmetry (e.g., FC1 and FC5) exhibited
prolonged turbulence, delaying flow recovery and intensifying sediment scouring.

The formation of flow separation zones and stagnation areas aligns with findings
from past studies, confirming that momentum transfer between tributaries governs shear
layer dynamics. Notably, for cases with extreme momentum asymmetry, jet flows persisted
longer, deflecting towards the channel walls and driving turbulent kinetic energy peaks.
This extended turbulence intensified sediment transport, contributing to scour formation
and sediment redistribution.
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5.2. Sedimentation Patterns and Morphodynamic Features

The sedimentation experiments revealed distinctive morphological features that
evolved based on flow conditions. The key features observed included:

- Central Scour Hole and Avalanche Slopes: High-momentum tributaries (as in FC1
and FC5) produced deep scour holes aligned with the dominant flow, with sediments
diverted downstream. This pattern is consistent with real-world observations in
mountain river confluences, where steep slopes and high stream power enhance
sediment entrainment.

- Mouth and Bank-Attached Bars: Flow separation zones promoted sediment depo-
sition, forming bars near the channel walls. These lateral features were more pro-
nounced in flow cases with secondary currents of greater magnitude (e.g., FC2 and
FC5), reinforcing the role of spanwise velocity components in sediment transport.

- Secondary Scour Holes: In symmetric flow conditions (FC4), a secondary scour hole
formed downstream, likely due to sediment deposition from the initial scour zone.
This finding highlights the cyclical nature of sediment transport, where flow decel-
eration downstream of high-energy zones promotes sediment settling and localized
scour resurgence.

The results corroborate previous research, emphasizing the link between turbulence
intensity and sediment dynamics. The shear layer distortion—exacerbated by momentum
asymmetry—created high-energy zones that promoted sediment entrainment, while low-
velocity regions acted as sediment sinks.

5.3. Practical Implications for River Management

These findings are critical for sustainable river management. Understanding the
hydrodynamic forces driving sediment transport can inform strategies to mitigate erosion
and infrastructure damage. For instance:

- Flood risk management: insights into scour hole formation can guide the placement of
scour protection structures, reducing the risk of channel instability and bank collapse
during extreme flood events.

- Sediment management strategies: predicting sediment deposition zones can help
optimize dredging schedules, reducing maintenance costs and preventing channel
blockages that could exacerbate flooding.

- Ecosystem restoration: Low-velocity regions downstream of the confluence may serve
as natural habitats for aquatic species. Targeted habitat restoration efforts could
enhance sediment retention and promote biodiversity, contributing to the overall
resilience of river ecosystems.

5.4. Future Research

The high-resolution experimental data generated in this study provide a valuable
benchmark for validating numerical models of sediment transport in river confluences.
The detailed velocity fields, turbulence characteristics, and sedimentation patterns offer
empirical evidence to refine model parameters, improving the predictive accuracy of hydro
morphological simulations.

Future research could explore long-term morphological evolution under varying
sediment loads and flow regimes, extending the experimental findings to more complex
real-world scenarios. Additionally, the effect of the rigid boundaries and the influence of
vegetation on sediment dynamics could offer new insights into nature-based solutions for
flood mitigation and riverbank stabilization.
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6. Conclusions

At river confluences, tributary flows interact to form a complex hydrodynamic inter-
face, influenced by velocity, momentum, and direction differences. These interactions shape
sedimentation patterns, impacting river structures and bank stability. This study used a
1:60 scale physical model of a 50° confluence on Madeira Island to analyze sedimentation
patterns under 20- and 100-year flood scenarios. Five flow cases with varying flow and
momentum ratios provided insights into hydrodynamics and sediment transport.

The model, designed using Froude similarity, replicates flow and sediment processes.
The experiments revealed that momentum ratios strongly influence the size, location, and
strength of secondary counter-rotating currents. These currents form due to flow deflection,
reducing surface radial pressure via centrifugal forces. As a scour corridor develops, and
secondary currents intensify, enhancing scour depth.

The experimental work highlighted the strong influence of tributary momentum
ratios on the size, location, and strength of secondary counter-rotating currents. These
currents initially form due to flow deflection, which lowers surface radial pressure through
centrifugal forces, creating flow divergence—outward near the bottom and inward at the
surface. As a scour corridor develops, secondary currents intensify, amplifying bed erosion
and sediment transport. Flow recovery depends on discharge ratios, with near-equal flows
stabilizing more quickly, while momentum asymmetry prolongs turbulence, leading to
deeper scour holes, extended shear layers, and complex sediment deposition patterns.
Downstream, velocities align longitudinally, and turbulence fades, gradually restoring
flow stability.

These hydrodynamic processes shape sediment transport, influencing channel mor-
phology and infrastructure stability. High-momentum tributaries create longer scour
corridors, while secondary currents promote lateral bars and bank-attached deposits. Un-
derstanding these patterns enhances sediment management, informing strategies such as
targeted dredging, structural reinforcements, and habitat restoration. Insights from this
study can also guide flood defense design and port management, while experimental data
offer a valuable benchmark for refining numerical models.
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