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ABSTRACT

Confluences in mountain regions are influenced by hydraulic and sedimentary processes occurring in steep channels during localized flood-
ing events in small watersheds. Sediment transport in the tributary channel and aggradation in the confluence can be massive, potentially
causing overbank flooding and sedimentation into adjacent communities. Results from 45 experiments using a large-scale physical model
support a better understanding of the hydromorphological interactions occurring at confluences during flooding events. Geometric model
parameters and the considered discharges represent the geometries of 135 confluences in South Tyrol (Italy) and Tyrol (Austria). Unlike
lowland confluences, the channel discharges and the tributary sediment concentration were the driving factors influencing mountain river
confluence morphology. Applying the conclusions drawn from lowland confluence dynamics could misrepresent the flood hazard at moun-

tain river confluences.

INTRODUCTION

River confluences are significant features of all river systems and are characterized by converging flow paths that produce complex 3-dimen-
sional hydraulics that influence the local morphology and fluvial dynamics (Best, 1987; 1988). The typically occurring hydraulic zones at
confluences are flow separation, flow stagnation, flow deflection, maximum velocity, shear layers, and the recovery zone (Best, 1987). These
zones influence sediment transport pathways through the confluence and the resulting morphological elements of confluences: avalanche
faces at the mouth of each confluent channel, a deep central scour hole, and a bar in the separation zone (Best,1988). The variables that
control the location, orientation, and size of these morphologic zones are the confluence angle and the discharge ratio Q_r=Q_t/Q_m, which
is the ratio of tributary (Q_t) and main channel (Q_m) discharges. In exposed areas, confluences form critical junctions as the hydraulic
geometries and sediment loads of each stream must undergo rapid mutual adjustments to avoid overbank flooding and sedimentation into
adjacent settlement areas. Confluences in mountain regions have steep channels with variable discharges and high rates of both suspended
and bedload transport during flood events (Aulitzky, 1980). In the Alps, with high population density valleys and settlement sites that are
frequently located on alluvial fans, a flooding event associated with intense bed load transport can be catastrophic. Topographic confine-
ment can amplify confluence effects, whereas, in lowland regions, deposition cones and alluvial fans can be isolated from the main channel
(Benda et al., 2004). Gems et al. (2014) discuss this hazard related to the confluence of the Schnannerbach and Rosanna River in Tyrol,
Austria. The Schnannerbach is a steep, lined trench that passes through a settlement area that has had overbank flooding and sedimenta-
tion as a result of tributary-main channel interactions at the confluence. Regressive sedimentation starting at the confluence changed the
hydraulic and morphodynamic characteristics in the confluence and the tributary channel. This made the previously installed (upstream of

the fan apex) defense works inadequate in protecting against a flooding event associated with intense sediment transport and deposition.

Lowland confluence dynamics have been extensively investigated. However, there is a lack of information on the controls and dynamics
of confluences in mountain regions with conditions that create a highly dynamic hydraulic and morphological situation. Most of the work
that has been done on mountain river confluences has mainly under-represented the channel gradients and sediment concentrations that
produce hazardous events (Roca et al., 2009; Guillén-Ludena et al., 2017). The presented work together with St. Pierre Ostrander et al. (2023)
and St. Pierre Ostrander et al. (under review) is the synthesis of the ECOSED_TT project (Towards an Efficient Design of River Confluences
to Manage Intense Sediment Impacts from Tributary Torrents) where 45 experimental results from a large-scale physical model partially fill
this gap with a range of geometric configurations, sediment supply rates, and channel discharges. Evaluating morphological patterns and ex-
tents was done with DEMs of Difference (DoD) created from laser scans, and statistical analyses were used to determine which factors drive
the morphodynamic development of mountain river confluences. Applying the conclusions drawn from lowland confluences to mountain

regions could misrepresent the hazard potential and associated risk.

METHODS

PHYSICAL MODEL

The physical scale model represents 135 confluences with a history of hazardous events in Tyrol, Austria, and South Tyrol, Italy. Model
discharges and the grain size distribution for the input sediment mixture and the mobile main channel bed are based on these sites. Further-

more, the frequency distribution plots of channel attributes (Fig 1) allowed for accurate model design while also supporting the application
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of the results of Gems et al. (2014) to additional confluences in mountain regions, as their examined channel, the Schnannerbach is largely
representative of the inventoried channels in the study region. To determine if the controls over lowland confluences apply to mountain
conditions, a range of geometric configurations were tested with a fixed discharge ratio of 0.1 for all experiments. Fifteen experiments were
performed for each geometric configuration (St. Pierre Ostrander et al., 2023; St. Pierre Ostrander et al., under review). Every discharge com-
bination (Fig. 2) was run with a tributary volumetric sediment concentration of 5 %, 7.5 %, and 10 %, which was based on the bulk density
of the material. The only modifications between the experimental groups were changing the tributary gradient and the confluence angle.
Experiments 1-15 had a 10 % tributary gradient, a 90° confluence angle, and a main channel gradient of 0.5 %. Experiments 16-30 had the
same geometric configuration, except with a 5 % tributary gradient. Experiments 31-45 had a 10 % tributary gradient and a 45° confluence
angle; the main channel gradient remained unchanged. The respective dimensions were chosen as they are the most representative of the
study region (Fig 1). Project duration did not allow sufficient time to test a 5 % tributary gradient with a 45° confluence angle. Sediment
was supplied to the tributary channel; the main channel flow was exclusively clear water to replicate typical events that produce massive
aggradation at confluences (Gems et al., 2014). The main channel had a mobile bed, allowing for 0.2 m of erosion, and the tributary channel
had a fixed bed. Tributary roughness was representative of natural conditions and was created using an adhesive to apply a layer of quartz
sand to the bed. Scaling was done according to Froude similarity; transferring model dimensions to nature allows a scale factor range of
20-40. The scale is determined by the width of the tributary at the confluence relative to the width of the tributary in the physical model.
The morphological development of the confluence zone for each geometric setup was evaluated by creating DEMs of Difference (DoD)
(ESRI ArcGIS Desktop, Release 10.8.2) from laser scans (Trimble X7) taken before and after an experiment. The initial bathymetry was the
reference, which was established by running a low discharge of 15 1 s-1 in the main channel for 5 hours to create a more natural river bed.
The bathymetry at the end of an experiment was the comparison. Based on incident reports and historical records, the scaled experiment

duration was 20 minutes and started when sediment entered the tributary channel.
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Figure 1 Parameters from 135 confluences in the study region were used to design the physical model. The width ratio (Br =Bt/Bm) is the ratio of the tributary (Bt) and main channel (Bm)
widths at the confluence (modified after St. Pierre Ostrander et al., 2023).
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Figure 2 The physical model including a grain size distribution curve of the sediment mixture and a table of the discharge combinations are shown.

STATISTICAL ANALYSIS

From the DoDs, depositional and erosional values were collected. A statistical analysis was conducted to determine which factors had
the most influence over the response variables (Table 1), characterized by either deposition or erosion (St. Pierre Ostrander et al., under
review). Main channel deposition and erosion refer to overall morphological change throughout the channel above or below the initial ba-
thymetry, while the deposition bar and scour zone are delineated by deposition and erosion above or below 0.01 m, respectively. Maximum
deposition (Zmax) and scour (Zmin) represent the greatest deposition and scour depths for a given experiment. The combined discharge
(Qtot=Qm+Qv) was included as a factor because the morphological development of the confluence took place at and downstream of the
tributary. This enabled a detailed investigation into subtle variations that could not be qualitatively evaluated. The relevant data sets were
examined to ensure that the correct statistical tests were applied. The choice of tests was based on determining the normality of distributed
data and the commonality of the variances (Witte & Witte, 2017). A 95 % confidence interval was used in all tests, and a result was consid-

ered significant when the p-value, derived from the test statistic, was less than 0.05.

Factor Unit Response Variable Unit
Sediment concentration (5, 7.5, 10) % Main channel deposition area and volume ~ m? m?
Combined Discharge (16.5, 49.5, 82.5, 115.5, 148.5) Is*  Main channel erosion area and volume m?, m?
Confluence angle (90, 45) ° Deposition bar area m?
Tributary gradient (10, 5) % Deposition bar length m
Deposition bar width m
Scour area m?
Scour length m
Scour width m
Maximum depths scour and deposition m

Table 1 Factors and response variables.

RESULTS AND DISCUSSION

MORPHOLOGICAL DEVELOPMENT

Four geomorphic units were consistently observed for all channel configurations and sediment concentrations. They were the deposition
cone (Fig. 3a-¢), transitional morphology (Fig. 3d-), attached-to-the-left-channel-wall separation zone bar (Fig. 3g-i), and the scour hole (Fig.
3), which was apparent in all experiments on the right bank opposite the tributary. Deposition cones developed from the limited transport
capacity of the main channel flow and a sustained and abundant sediment supply from the tributary channel. Deposition cones formed for

all configurations and sediment concentrations when the discharge was 15 1s-1 and 1.5 1 s-1 in the main and tributary channels, respectively.
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The transitional morphology, which partially occupied the hydraulic separation zone, formed when discharges of 45 | s-1 in the main and
4.5 1s-1 in the tributary had nearly forced the bar over to the left bank, but morphological components of the deposition cone remained.
Discharges above 45 1 s-1 in the main and 4.5 | s-1 in the tributary allowed for the development of an attached-to-the-left-channel-wall sep-
aration zone bar. Because the presented work is based on testing design flood discharges, the exact threshold for discharges that provide
sufficient unit stream power to force the transitional morphology into a bar was not determined. The bar occupied the greatest longitudinal
extent and was the largest sink for sediment delivered by the tributary. Once the separation zone bar was fully developed, the hydraulic
separation zone filled with deposited sediment, forcing the maximum velocity zone to the right. According to the large body of literature, the
same morphological development should occur if the confluence angle and discharge ratio are fixed. A range of geomorphic units with simi-
lar extents formed when the confluence angle and tributary gradient changed while the discharge ratio was fixed. This shows that additional

factors besides the confluence angle and discharge ratio influence mountain river confluence dynamics (St. Pierre Ostrander et al., 2023).
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Figure 3 Confluence morphology showing the deposition cone (a-c), the transitional morphology (d-f), the attached-to-bank bar (g-i), and the scour hole (a-i) are shown (modified after St.

Pierre Ostrander et al., under review).

STATISTICAL EVALUATION

Figure 4 shows p-values from overall mean comparison tests. Of the introduced factors (Table 1), the sediment concentration (Figure 4a)
and the combined discharge (Figure 4b) had the highest impact on confluence morphology. The tributary gradient (Figure 4¢) did not
significantly impact any of the response variables, and surprisingly the confluence angle (Figure 4d) only significantly impacted 2 out of
12 response variables. For the combined discharge and sediment concentration, post hoc testing revealed that most of the significant differ-
ences in mean response values occurred between the lowest and highest discharge and sediment concentration experiments, respectively.
The differences can be attributed to the increasing sediment concentration supporting depositional mechanisms and increasing discharge

enhancing erosional processes while also determining the geomorphic unit.
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Figure 4 P-values for response variables for each factor. Sediment concentration (a), combined discharge (b), tributary gradient (c) confluence angle (d), and a reference line at p=0.05.
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CONCLUSIONS

The channel discharges and then the tributary sediment concentration are the most impactful factors influencing mountain river conflu-
ence morphology during events with intense bedload supply. This contrasts with most literature dealing with the morphodynamics of river
confluences. During flooding events with intense sediment supply rates, mutual adjustments occurred as the system tended towards an
equilibrium state. Tending towards an equilibrium morphology was characterized by the geomorphic units, which were indicators of the
flood magnitude. When sediment concentration was fixed, and the discharge was adjusted, the morphology responded to the combined
channel flows downstream of the confluence. However, the morphological patterns were largely unaffected when the discharge was fixed,
and the sediment concertation was adjusted. The combined discharge controls the overall morphology, including geomorphic units, and the
sediment concentration determines the morphological extent. These aspects show that the hydromorphological patterns at mountain river
confluences are unique and require special attention for flood risk management. While the experimental plan did not include sediment con-
centrations representative of debris flows it is important to recognize that debris flows are destructive and hazardous geomorphic modifiers
in mountain regions. The results show the morphological response of mountain river confluences to flooding events with intense bed load

transport and provide a base to further investigate higher sediment concentration flows including debris floods and flows.
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