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ABSTRACT

This research is based on 28 systematic physical debris flow experiments carried out at three different model scales (1:25, 1:50 and 1:100). It
demonstrates that flow dynamics and deposition behavior are well scalable — at three different scales and different event volumes — without
any significant scale effect. A new composition of a debris flow mixture was developed, which could be reused several times. With these
findings, physical debris flow tests can be carried out more efficiently in terms of space, cost and time. Thus, these results have a positive

effect on the practical design of debris flow mitigation structures, hence improving planning reliability.

INTRODUCTION

Debris flows are a serious geohazard process in mountainous regions worldwide. Due to ongoing climate change, accompanied by melting
of permafrost, severe glacier retreat and a general increase in intense precipitation in the Alpine region (CH2018, 2018), debris flows are
expected to become more frequent. Besides, due to population growth, exposure and vulnerability of populations and infrastructure are
increasing in many regions. Hence the risk to people and infrastructure will increase. Several recent major events in Switzerland (e.g., Spiez
2005, Spreitlauigraben 2010, Bondo 2017) demonstrated the destructive force and danger of these geohazards. Consequently, more mitiga-

tion works have to be constructed to protect against debris flows.

Debris flows are complex single- or multi-phase, non-Newtonian fluids exhibiting a broad spectrum of rheologies. The large range of
formation conditions, triggering mechanisms, variable material composition etc. (Tognacca, 1999) results in complex flow and deposition
behaviors. For the design and sizing of protection structures, it is vital to adequately describe these complex flows. Physical debris flow
experiments significantly improve process understanding. Project specific tests enhance the knowledge of flow-structure-interaction thus
providing crucial data for design and dimensioning of planned mitigation measures. A combination of physical experiments with numerical

modeling reliably proofs the functionality of protective measures. Thus, the design of the latter can be optimized during the planning stage.

Physical debris flow models are often resource-, time- and cost-intensive. The aim of this study is to optimize the experimental setup and ex-
ecution towards more efficient physical model investigations. On the one hand by developing a reusable debris flow mixture. On the other
hand, by applying a larger model scale. The laboratory experiments are scaled according to Froude similarity and the material composition
of the model debris flow mixture is adjusted until the defined target values (flow velocity, discharge, load) are achieved (Speerli et al. 2008).
This pragmatic approach has led to important findings regarding process behavior in many specific hazard mitigation projects and provided
a certain degree of reliability in the scaling of dynamic processes. However, the question of the scalability of other important processes such
as depositional dynamics and the formation of levees remains unresolved. Questions arise as to: A) How large a model scale may be, so that

no significant scale effects occur? And B) which debris flow processes would be influenced by scale effects, and to what extent?

METHODS

Possible scale effects in the physical modeling of debris flows were investigated by systematic model tests. Viscous debris flow mixtures
were applied under the same boundary conditions in a model series at scales of 1:25, 1:50 and 1:100. The material used to reproduce the
viscous debris flow in the laboratory experiments is a mixture consisting of water, gravel, sand and non-binding fines. The roughness of the
model consisted of grain sizes from 0.2 to 0.4 m glued to the smooth flume surface. Roughness was scaled geometrically the same way for
all three scales. Flow time and debris flow front height were measured. From these data the target values of peak discharge and flow velocity
were calculated. Further, the study investigated deposition behavior and the interaction with a slot barrier. The influence of the debris flow
mixture on the clogging behavior of the slot barrier was examined using two different grain mixtures with a maximum grain size of 0.8 m
and 1.6 m, respectively. This paper only presents results of tests that were not influenced by a barrier. The interaction of the flow with the

slot barrier is the subject of an ongoing analysis.

TEST ARRANGEMENT AND MEASURING TECHNIQUE
The test arrangement consists of a non-mobile bed, a straight, uniform channel at 15% gradient followed by a horizontal deposition plane.

Schematic sketches of the test arrangement are shown as longitudinal profile (Figure 1) and in plan-view (Figure 2). On the prototype scale,
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the flume is 125 m long, has a width of 8 m and a bank gradient of 1:1, while the deposition plane has a width and length of 100 m each.

The debris flow is released in one surge from a tank outlet by sudden opening of a vertical gate. The desired target values (maximum dis-
charge and frontal velocity) are obtained for each studied debris flow volume by the tank outlet geometry and the initial head in the vertical
tank (application of Torricelli's approach). This experimental setup enables the control of the dynamic energy at flume inlet. Thus, different
conditions in nature can be simulated in the physical model (e.g., lower or higher energy height at the apex of an alluvial fan. The testing
program is summarized in Table 1. Relatively low energy height (i.e., rather low frontal velocity at model inlet) was defined for volumes of

10.000 m3 and 40.000 m3, while relatively high energy height (i.e., rather high frontal velocity at model inlet) was defined for the volume of

20.000 m3 (Figure 4).

Nature Model
Scale 1:A

25 50 100
[m?3/s] [Vs] [i/s] /5]

Discharge 200 o4 . 2

400 128 23 4

800 - 45 8

[m?] (1] (1] U

VoRime 10’000 640 80 10
20’000 1'280 160 20

40°000 - 320 40

Number [-] [] [
of experiments 4 12 12

Table 1: Testing program: discharge, debris flow volume (solids and water combined) and number of experiments.

Ultrasonic sensors (S1 to S3 in Figures 1 and 2) were used to quantify the flow processes in the test arrangement: S1 continuously recorded

the variation of the mud level in the tank allowing to determine the discharge from the tank into the model. S2 and S3 recorded the flow

depth in the flume, the signals were processed to determine the mean frontal velocity. In addition, video recordings from cameras (C1 and

C2 in Figure 1) were used to record the development of the frontal velocity in the flume and in the deposition area.
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Figure 1: Schematic longitudinal profile of the physical model with 3 ultrasonic sensors S1 to S3 and 2 video cameras C1 and C2.
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Figure 2: Schematic plan-view of the physical model with 3 ultrasonic sensors ST to S3.
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RESULTS

Figure 3 shows examples of debris flow deposits with a volume of 10.000 m?3 at all three investigated model scales. Qualitative features such

as the characteristic convex front of the deposits or the typical rounded shape of the depositional lobes are recognizable. The videos of the

experiments show further typical debris flow features in the flume, such as; i) characteristic surface velocity distribution across the channel

width (i.e., faster along the centerline and slower along the side slopes), ii) convex flow surface both during motion and after deposition,

as well as iii) the round shaped deposit front in the deposition area. These qualitative features observed at all three model scales are very

similar to natural debris flow characteristics.
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Figure 3: Debris flow deposits for experiments with a volume of 10.000 m? tested at three different scales; 1:25 (left), 1:50 (center) and 1:100 (right).

Key results of the experiments are illustrated in Figure 4; the left column shows the deposit shapes while the right column shows the de-

velopment of front velocities. The rows refer to different debris flow volumes; 40.000 m? (first row), 20.000 m3 (second row) and 10.000 m3

(third row). Results for experiments executed at different scales are color coded; 1:25 (green), 1:50 (blue) and 1:100 (red). Different shades

of the same color in the front velocity graphs (denoted 1:A.1, 1:1.2 1:A.3 in Figure 4) represent the repetition of the same experiment and

give an idea of the reproducibility of the results.
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Figure 4: Deposit shape (left column) and evolution of the front velocity (right column) for three different debris flow volumes at the scales 1:25 (green), 1:50 (blue) and 1:100 (red).
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DISCUSSION

The following findings can be drawn from these experiments:

e With respect to flow processes the results are comparable at all three scales: for deposit shape, development of frontal velocities, and
flow pattern during motion and deposition (convex surface, velocity distribution across the channel width).

e This applies at all three debris flow volumes investigated and regardless of the dynamic energy at the flume inlet (i.e., relatively low
dynamic energy for experiments with volumes of 40.000 m3 and 10.000 m3 or relatively high for experiments with volumes of 20.000
m3). This indicates that both, the flow behavior along the channel as well as the depositional behavior of a viscous debris flow, are well
scalable at the three scales tested. This implies that both, the flow behavior itself as well as the interaction of the debris flow with the
model base (roughness), are well scaled at the scales tested.

e Differences between the results at the three scales are within the range of the reproducibility, as the frontal velocity graphs in Figure 4
show. Outliers can be easily identified, such as the 40.000 m3 test 1:100.2, whose frontal velocity plot is characterized by a significant
drop at X of 50 m, which can be attributed to an observed temporary blockage at the tank outlet.

e The processes investigated here (flow as well as deposition mechanisms on a rough bed) are therefore equally well scalable to nature

for all three scales investigated. This is independent of how the boundary conditions at the model inlet are defined.

CONCLUSIONS

The physical modelling carried out using a model series has shown that experiments on the flow and deposition dynamics of viscous debris
flows in an open channel and deposition area at scales of 1:25, 1:50 and 1:100 are equally well scalable to nature. The investigation also
showed that the reproducibility of the results is given. The defined target values (peak discharges and flow velocities) can be reproduced
equally well at all three scales and for all debris flow volumes investigated (10.000 m3, 20.000 m3 and 40.000 m3).

Scaled, physical experiments of flow and deposition processes of debris flows can therefore be described as a reliable and robust method
for investigating these natural phenomena. The experiments have shown that the choice of model scale makes it possible to optimize the
efficiency and cost-effectiveness of such investigations, as no significant difference could be observed between the three scaling factors.

In this study, an approach was developed that allows the debris mixture to be used several times while retaining the same flow and dep-
ositional behavior. Tests can thus be carried out several times in the physical model in an efficient and time-saving manner and the repro-
ducibility of the results can be assessed. Consequently, the developed method offers the possibility of significant cost and time optimization
compared to the approaches used so far (Bachmann et al. 2021).

The scalability of the interactions between viscous debris flows and structures (barriers, dams, etc.) at the same scales (1:25, 1:50 and 1:100)

is the subject of an ongoing analysis and the results are expected in spring 2024.
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