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ABSTRACT
The hydraulic design is a fundamental task within the planning process of torrent barriers. Relating to the specific type and purpose of the 

structure in terms of sediment management and the decrease of process intensities, hydraulically relevant elements of the barriers have to 

fulfil specific requirements, ensuring consistent structural stability even during extreme hazard scenarios. The present study focuses on the 

local hydraulic conditions at the spillway section of torrent barriers, particularly on the throw distance in the scour protection zone down-

stream of the barrier. Data from continuous monitoring at three barriers together with 3D-numerical simulations were used to evaluate the 

applicability of the empirical throw-parabola equation. This study illustrates initial results while monitoring and further numerical simula-

tions are ongoing.

INTRODUCTION
Among the many mitigation measures against torrential hazards and related risks, torrent barriers represent the most relevant technical meas-

ures, actively aiming to permanently mitigate or decrease the hazard potential. A large number of different types of barriers exist, each with 

a specific construction, static system, building material, arrangement of openings in the structure and effects on the movement of sediments 

and process intensities (Bergmeister et al., 2008; ASI, 2009a; Piton and Recking, 2016a and 2016b). The design of torrent barriers requires a 

comprehensive analysis of all relevant processes and local topographic conditions, which requires an interdisciplinary approach involving 

different disciplines such as geomorphologists, geotechnics, hydraulics and statics. Using the probabilistic scenario-based approach with 

a well-defined type of process (bedload transport, debris flood, debris flow; Rickenmann, 2014) and return period, the hydraulic design 

of torrent barriers requires the proof of performance of the spillway section, a suitable arrangement and dimensioning of openings in the 

barrier, a proper constructive design of the barrier side walls, and the design of the counter dam including as well the scour protection zone 

(ASI, 2009a, 2009b and 2013; Piton and Recking, 2016a). Empirical equations and approaches together with the comprehensive experts’ 

experience and knowledge from historic events were traditionally used for the proof of hydraulic design. They are still highly relevant, 

even though innovative and more complex models such as numerical software applications or experiments have become more frequently 

applied.

To define the minimum required length of the scour protection zone between the main barrier and counter dam, knowledge about the 

throw distance under design-scenario conditions is required. The physics-based description of the throw parabola, assuming horizontally 

approaching clear water flow at the barrier, is one of several common approaches (Angerholzer, 1913; Aigner and Bollrich, 2015). Gener-

ally, it represents the trajectory described by a body during a throw in a homogeneous gravitational field, if the influence of air resistance 

is neglected (Aigner and Bollrich, 2015). Concerning the throw distance of torrential processes, there are further major uncertainties with 

this approach, due to differences in these processes compared to clear water, the complex and spatially heterogeneous characteristics of 

the approaching flow, and the general influence of sediments in the flow mixture. This study aims to contribute to the discussion on ro-

bustly estimating throw distances at torrent barriers by comparing results from applying the throw-parabola equation with (i) continuous 

monitoring data at three barriers in Tyrol and Vorarlberg, and with (ii) results from 3D-numerical modelling of a large set of scenarios in 

a standardized set-up applying the software Flow3D. The provided data represent the first results while still ongoing monitoring aims to 

observe and document potential future high-intensity events.

METHODS FOR MONITORING AND MODELLING
The monitoring of the hydraulic conditions in the vicinity of the spillways of the considered torrent barriers is carried out with a robust 

camera (IP Cam HikVision DS-2CD2623G0-IZS), which is mounted on a pole approximately 10-20 m below the dam. It is connected via 

a control unit to a measuring system, which is mounted on a beam directly above the dam crest and allows for the continuous (1 Hz), 

non-contact recording of the flow depth (OTT RLS radar sensor) and surface flow velocities (OTT SVR 100) in the middle of the spillway 

section. The operation or the recordings of the camera are process-controlled, i.e. only in those periods in which a defined alarm value of 

the flow depth is reached or exceeded during the continuous measurements. The camera documents the flow processes using photos in 

a high temporal resolution (1 Hz). The monitoring system is self-sufficient and maintenance-free, thus enabling continuous measurements 

even at dam structures that are difficult to access. The energy supply is from a solar panel which is installed together with the control unit 
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and an additional battery at the camera location. The photos are automatically transferred to an FTP server and further processed in terms 

of qualitatively analysing throw distances using the distance measurement tools in Photoshop, based on previously accomplished reference 

distance measurements in the field. The uncertainties of the throw distance assessment are assessed to approximately 0.5 m. A system solu-

tion of the OTT HydroMet GmbH company is applied for this monitoring concept. It is standardized and installed at the three barriers at (i) 

Sidanbach (Schwendau, Tyrol, Figure 1), (ii) Leonhardsbach (Roppen, Tyrol), and (iii) Alvier (Brand, Vorarlberg). The considered barriers 

cover different geometrical dimensions, including spillway shapes and crest widths (7.5 m (i), 10.0 m (ii), 8.6 m (iii)), maximum height 

of spillway sections (5.3 m (i), 3.7 m (ii), 2.9 m (iii)) and drop heights to the downstream channel bed (6.0 m (i), 8.0 m (ii), 3.5 m (iii)). 

Design-scenario processes cover bed-load transport (i, iii) as well as debris-like processes (i, ii). Monitoring and data collection has been 

continuous since April 2021 (Gems et al., 2022).

Figure 1	 Sidanbach barrier at low-discharge conditions (March and April 2021) – overview (a), approaching channel upstream (b), and view at spillway section from downstream (c).

Numerical modelling was applied with the commercial software Flow3D. A rectangular flume with a length of 50 m and a width of 5 m 

was set as the approaching channel section upstream of a sharp-crested drop with a height of 9 metres above the downstream channel bed 

(Figure 2). The computational domain was discretized with an orthogonal non-conforming mesh grid, featuring an isotropic cell size of 0.125 

m. RANS-equations in combination with the two-equation (k-e) turbulence model were solved. In addition to the form roughness, induced 

by processing the channel geometry on the mesh grid by applying the software-specific FAVOR-method, an equivalent grain roughness 

value of 0.1 m was uniformly attributed to the channel geometry. A large number of scenarios were computed with steady-state clear-water 

simulations to analyse the relations between the approaching flow conditions (≥ 10 m upstream spillway crest at normal flow conditions), 

hydraulics at the spillway section (0.1 m upstream of spillway crest) and the throw distance. Thereby, the channel gradient varied in the 

range of 0.01-25%, specific discharge was set to 2.5, 5.0 and 10 m³/(sm), and a local channel contraction in terms of vertical side walls at the 

spillway was set in a way, that width-ratios of the spillway and approaching channel widths varied from 1.0 to 0.32.

Figure 2	 Perspective, sliced view on the Flow3D-model at steady-state hydraulic conditions, exemplarily illustrated with the scenario featuring a 1 % channel gradient, a 2.5 m³/sm 

specific discharge and a local contraction at the spillway section of 0.75. Contours show flow depth in metres.
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MONITORING AND MODELLING RESULTS, DISCUSSION
Monitoring data from 2021 and 2022 are illustrated in Figures 3-5. Figures 3 and 5 show data and observations from the Sidanbach barrier 

– the only structure with noteworthy throw distances that could be observed so far. A clear relation between flow depth and surface flow 

velocity in the middle of the spillway section is evident but with a substantial scattering of flow velocities around the linear regression line. 

The plotted hydraulic parameters represent validated but not further processed single values from the 1Hz data sets. Maximum measured 

values for flow depth and velocity are around 0.5 m (less than 10 % of the spillway height) and 2.5 m/s, where a maximum throw distance 

of approximately 6.0 m was observed (Figure 4). Figure 6 shows the relations of hydraulic parameters with the dimensionless throw dis-

tance Dx/Dz for the three monitoring stations as well as a comparison of the monitored versus calculated throw distances when applying 

the throw-parabola equation and thereby using the measured hydraulic data for each. In particular, the observation data at the Sidanbach 

barrier show a significant deviation from the calculated values, as they are substantially higher.

The results from numerical modelling are illustrated in Figures 6 and 7. Figure 6 (a, b) shows correlations between hydraulic data (mean 

flow velocities and Froude-numbers) in the approaching channel (10 m upstream of the spillway section) and the spillway section (0.1 m 

upstream of the crest). Slightly higher values in the spillway section are evident for the width ratios 1.00-0.68, which is due to the drop 

curve just upstream of the spillway crest. For the smaller width ratios (0.60-0.32), the values in the spillway section are substantially less, 

which is due to the damming effect as a result of the contraction caused by the side walls of the barrier. The influence of contraction at the 

torrent barrier is also evident in Figure 6 (c, d), which shows the ratio of velocities at the spillway section and in the approaching channel 

(c) and the ratio of maximum flow depth at the side walls and in the approaching channel (d), each is related to the Froude-number on the 

approaching channel. Subcritical approaching flow conditions lead to generally higher velocities and flow depths at the side walls in the 

spillway section. At supercritical conditions, a local decrease in velocities at the spillway section and an increase in maximum flow depths 

occur for the smaller width ratios (large contractions). For the larger width ratios, this trend is less pronounced. The influence of the width 

ratio increases with increasing Froude-number. Figure 7 shows the relation of the ratio of dimensionless throw distance Dx/Dz (simulated/

empirically calculated based on the hydraulic data from the simulations) and the Froude-numbers in the spillway section. Simulated throw 

distances are larger for Froude-numbers in the range of 1.0-3.0, whereas the throw-parabola equation leads to larger values for even larger 

Froude-numbers. Generally, the differences in results are small (±25 %) and the ratio of spillway width and approaching channel width has 

an increasingly less influence in direction to the middle of the spillway section (channel).

Figure 3	 Monitoring Sidanbach barrier – relation of observed data for flow depth (m) and surface flow velocity (m/s) in the middle of the spillway in the years 2021 (grey) and 2022 (red). 

Note: Validation of the measured hydraulic parameters and comparison with the available photos indicated that the high flow depths (app. 0.4 m) in the 2021-data set are not correct due 

to a short-term problem with the measurement device.

Figure 4	 Monitoring Sidanbach barrier – photos and hydraulic data from 28th of June (a) and 5th of August (b) 2022, illustrating the so far maximum observed throw distances.
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Figure 5	 Data from the monitoring at Sidanbach (red), Leonhardsbach (blue) and Alvier (green) – relations of flow depth and dimensionless throw distance (a), of surface flow velocity 

and dimensionless throw distance (b), and comparison of observed and calculated throw distances (c).

Figure 6	 Flow3D-modelling results for the considered gradient-, discharge-, and width-ratio-scenarios – relation of Froude-numbers of approaching flow and at the spillway (a), relation 

of flow velocities of approaching flow and at the spillway (b), relation of Froude-number of approaching flow and of velocity ratio (c), and relation of Froude-number of approaching flow and 

ratio of flow depths at barrier side walls and of approaching flow (d).
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Figure 7	 Flow3D-modelling results for the considered gradient-, discharge-, and width-ratio-scenarios – relation of Froude-number at the spillway section and the ratio of dimensionless 

throw distances from numerical modelling and empirical calculation.

CONCLUSIONS
Monitoring at three torrent barriers and numerical modelling provided valuable hydraulic data at the spillway section of barriers, specifically 

on the throw distance (Figures 5 and 7). In some scenarios, the observed data fit the results from applying the throw-parabola equation. 

Specifically addressing the monitoring data, larger differences were also analysed, noting that the collected data set is still too small for 

robust statistical analyses and that the observed events are far smaller than the capacities of the spillway sections. Further potential reasons 

for differences between observed and calculated data are the flow behaviour of the process (fluid density, etc.), the procedure of analysing 

single hydraulic values at a single spot in the spillway section, and incorrect measured values due to potential external local influences. They 

need to be addressed in future studies with a more substantial and statistically robust monitoring data set.

With the numerical simulations, it could be illustrated that the flow condition of the approaching flow is highly relevant, both, for the local 

flow depths at the barrier and as well for the throw distances. Numerical modelling was based on a simplified channel geometry covering 

a rather smooth rectangular channel geometry and a rectangular sharp-crested spillway section. Any considered contractions with the side 

walls of the barrier were implemented in a way that the transition to the spillway section is vertical and the side-wall crest is horizontal. 

The simulations are limited to clear-water conditions, any influence of sediment or even the behaviour of non-Newtonian fluids was not 

considered. Based on the available data set and findings, further analyses are envisaged to provide a statistically more robust data set and to 

overcome the discussed simplifications and limitations. They aim to finally evaluate available empirical equations and to provide adaptions 

referring to specific hydraulic conditions or additional approaches.
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