A COMPARISON OF FORCES DUE TO AVALANCHES AND A DEBRIS FLOW
ON A FLEXIBLE NET STRUCTURE
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ABSTRACT

A steel structure called « Snowcatcher » was built in Ranalt in the Stubai Valley (Tirol/Austria), to retard gravitational mass movements such
as avalanches or debris flows. This structure consists of four steel frames with a mesh surface designed to protect areas against avalanches
or debris flows. Several different sensors record the impact forces within the rigid frames and the tension forces on steel wire ropes that

support the mesh surface. Here, the resulting forces from avalanches are compared to the resulting forces of a debris flow event.

INTRODUCTION

Studies on the emerging climate change in the eastern Alps predict constant or slightly increasing precipitation amounts, but fewer precip-
itation days and higher mean temperatures (BMK, 2016). It is therefore expected that events in the form of heavy rainfall will occur more
frequently. In the winter season, precipitation at altitudes below 1500 masl is expected to occur more frequently as rain or wet snow events
(BMK, 2016), which may have an impact on the type and spatial and seasonal distribution of natural hazard processes. These phenomena
have an impact on protection systems, which now often have to withstand new and more dynamic combinations of processes. Studies which

compare the effects of these new types of terrain processes on protection systems will therefore become increasingly important.

The test field in the Stubai Valley was established in 2018 with the goal of conducting measurements on small to medium-sized avalanches.
In recent years, an increase in debris flow events in the test field was preceived. In this work we aim to compare resulting forces in the
structure due to avalanches and a debris flow. At first, the events appear to exhibit visually similar behavior. However, upon closer inspection

differences emerge, which will be discussed here.

TEST SITE
The location of the Snowcatcher is close to a forest road on 1300 masl in a channelized east-facing avalanche path. The release zone of

avalanches is between 2000 and 2400 masl which leads to a
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Figure 1 : Structure of the Snowcatcher. The red structural parts mark the sensors that record resulting forces. The black arrows indicate the sensors whose values are used in the present

publication.

vertical drop of around 700 m. The release volumes of expected avalanches are in a range up to 35000 m3 corresponding up to a destructive
size 3-4 according to the EAWS. For debris flows the channel in the path is not continuously carrying water, however the availability of debris

material exists with block diameters up to 1 m. Further information about the test site can be found in Gleirscher et al., 2019.
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SNOWCATCHER STRUCTURE

The Snowcatcher is a dynamic defence system designed to stop avalanches, consisting of a combination of rigid support structures and a
flexible wire rope net. It is constructed as a three-hinged frame in the form of a A « Lambda », see Figure 1. Hollow bar anchors IBO R51
were used to transmit loads from ropes and frames into the ground. Bearing and middle ropes stretch the net and redirect forces from the
structure to the lateral anchors. Side stabilisation ropes account for the lateral stability of the structure. Brake elements limit the forces in the
ropes an anchors through their plastic deformation. The wire rope net is a specially braided net with a wire diameter of 9 mm and a mesh
size of 185 mm, see for example Figure 3. Four Lambda frames are installed with 4 m spacing, resulting in an overall net surface width of

12 m. The height of the net supporting beam is 5.3 m and the angle of the beam to the terrain is 85°.

Figure 2: Pictures of the Testsite ; 2019-03-15 at 10am (left) ; 2019-03-15 at 15pm (middle),; 2019-03-16 at 10am (right)

INSTRUMENTATION

Several load measurement devices with built-in strain gauges are installed in the system to record dynamic forces. Two Lambda Frames of
the structure (frame #1 at the edge and frame #2 in the middle) are instrumented with 4 load measurement pins similarly to the set up of
Rainer et al. (2008). The arrows (Figure 1) indicate the positive direction of the force measurement in the Snowcatcher, whereas sensor 1x,
2x, 3 and 4 record axial forces and 1y and 2y register transversal forces. 8 Shackles record tension forces in ropes of the system. Force data
is recorded with a rate of 100 Hz from all sensors. Further two cameras record the flow interaction with the Snowcatcher at 120 fps. Camera
#1 is situated 30 m lateral to the structure and camera #2 is placed in a distance of 190 m in the valley ground together with a Doppler Radar

system. The radar system was installed in 2021 for velocity measurements.

RESULTS

AVALANCHE

The impact of 3 avalanches that occurred within 24 hours were investigated. These events occurred on March 15th and 16th, 2019. A signifi-
cant increase in temperature preceded this sequence of events. The images of the avalanches demonstrate a strong influence of temperature

and moisture (formation of snowballs, see Figure 2). The total deposition is estimated to be less than 3000 m3.

The force measurements of the three events are depicted one after the other in Figure 4, with the time period between the avalanches
omitted. Within this time period a gap in the forces is noticeable between the individual events. This may result from a changing air tem-
perature and consequently the expansion or contraction of the metal affects the measured forces. Additionally, settling processes, creeping

and gliding in the snowcover impacts the measurement values.

The first avalanche hit the Snowcatcher on its orographically left net surface at 9:57 AM on March 15, 2019. The resulting low forces can be
attributed to the low frontal velocity as well as to frictional losses in the cable redirection within the frame area. The granular structure of

the avalanche resulted in a clogged net surface which therefore was not penetrated.

Figure 3: Pictures of the Testsite , side view (left), frontal view in downward direction (right)
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A second avalanche reached the net surface at 15:06 on March 15, 2019. Both the grain size and the speed are very similar to the first av-
alanche, but this avalanche resulted in a noticeable increase in sensor forces as the avalanche hit the orographically right side, where the

sensors are installed.

The third avalanche in this sequence of events hit the Snowcatcher on March 16, 2019, at 10:16 AM. Due to the two preceding events, the
Snowcatcher was already partially filled, causing the third avalanche to impact the upper part of the net area. Simultaneously, the speed and

volume were larger compared to the other events. As a result, higher forces were measured during this event.

The velocity is estimated from the recorded videos. The width of the forest path on the mountain side is known (5 meters), and the time
it takes for the avalanche to cross this distance ranges from 3 to 6 seconds. This results in front velocities between 1m/s and 1.6m/s, and

corresponds to a warm plug flow regime (Kohler et. al., 2018).

DEBRIS FLOW
On July 18, 2023, due to heavy precipitation, debris material reached the Snowcatcher. Several surges filled the deposition area uphill of the
structure. In Figure 5, the forces resulting from three different surges of the debris flow are depicted. With the high solid concentration and

coarse blocks at the front, this debris flow can be classified as a granular debris flow, according to Rickenmann (2014).

For this event, in addition to video recordings, radar data also exist. With this radar data, debris flow surges can be identified, which slow
down in the vicinity of the Snowcatcher. The front velocities are lower than 1 m/s. These velocity measurements also align with the analyses

from the video recordings.
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Figure 4 : Evolution of forces in parts of the Snowcatcher during three avalanche events. The upper three graphs display the respective forces in the ropes, while the lower graphs show the

forces in the pins, see also Figure 1. The sensor in the lower bearing rope damaged at the time of the events, therefore no data was collected.

DISCUSSION

The resulting forces in the structure due to avalanches are by a factor 10 smaller than those in the compared debris flow. Despite the visual
similarity in their motion, there are significant differences in the density of both mass movements. While for avalanches with a high moisture
content, densities between 300 kg/m3 to 400 kg/m3 are realistic, densities of debris flows are assumed to be larger than 1300 kg/m3 (ONR
24800).

When initially comparing the visual appearance of avalanche deposits and debris flow deposits, it becomes apparent that the angle of repose
of the avalanche deposit (approximately 27°) is significantly larger than that of the debris flow (approximately 15°). In case of avalanches,
it appears that steeper angles of repose are possible due to snow bonding. In the video recordings of the debris flow, lateral spreading of
the deposit due to water influence is observable, which visibly reduces the angle of repose. It is difficult to compare the impacted area of
the net, as a visit to the test sites immediately after the events was not possible. In the case of the debris flow, however, the affected area

appears to be larger. In all events, it could be observed that the net was hardly penetrated.

Comparing the velocities, it can be observed that all events have velocities lower than 1.6 m/s with the velocities of the debris flow being

slightly lower than those of the avalanches.
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Figure 5 : Evolution of forces in parts of the Snowcatcher during a debris flow event. The upper three graphs display the respective forces in the ropes, while the lower graphs show the

forces in the pins. The sensor in pin_1y was damaged at the time of the event, therefore no data was collected.

Looking at the course of the forces, a clear difference can be observed, especially in the respective third section in figure 4 and figure 5. The
avalanche results in partial rapid increases in the measured forces, with a decrease in forces observed within seconds after the peak. The
force drop in the pins within frame#1 ranges from 40 % to 75 % of the respective measured maximum value with a exponential decrease.
The fluctuating forces in the ropes (upper middle rope) result from direct contact with the avalanche, which is redirected from the central

net surface into the peripheral ropes.

The debris flow's rather limited size and lateral flow caused a 30 kN maximum load to be experienced by only the lower bearing rope
and lower middle rope. The loading effect of the debris flow reached its maximum after 7 seconds and then showed only minimal force
decrease. The continous filling of the storage may be the reason behind the later peak load experienced by the middle rope compaired to

the lower bearing rope.

Supporting structure 2, located between the first and second mesh frame, sustains the bulk of the load. The main beam, experiences maxi-
mum transverse tension of 180 kN in the direction of flow and maximum axial tension of -40 kN. The lower beam experienced a maximum
pressure of 75 kN. At 16 seconds, the load development here took considerably longer than the load development on the cables at 7 sec-
onds. A slight force decrease of a few kN can be observed in the supporting structure, similar to the cables which is possible due to of the

dewatering of the deposit.

The significant drop in force observed during the avalanche event is not evident in the case of the debris flow. This exponential decrease
in force may possibly be explained by a rapid melting process occurring at the contact surface between steel and snow, thereby relaxing

the structure.

While in the case of avalanches, it can be assumed that a subsequent avalanche starts from a lower stress level, the stress caused by an debris

flow remains almost unchanged in the case of following events by a debris flow.

During the avalanche event, higher forces were measured in the in frame#1 compared to the pin forces in frame#2. The opposite course
was detected during the debris flow event, with higher forces in the central frame. Since the influence width of a central frame is larger than
that of a peripheral frame, the results from the debris flow event makes sense. The point of impact in this event was located in the central
area of the structure. Larger values in the peripheral frame during the avalanche event can be explained by the concentrated impact of the

avalanche at the edge.

It is also noteworthy that the axial force in the beam is directed upwards, see pin_2x in Figure 5. Since the two central frames are positioned
approximately 30 cm lower in their vertical alignment than the frames at the periphery, this allows for such opposing forces as a result of
the redirection of the ropes. Nevertheless, it is not entirely clear whether the upward-directed force solely results from the rope redirection,

as the forces in the ropes seem relatively low.
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CONCLUSION

Although the two gravitational mass flows, avalanche and debris flow, appear very similar in the examples at hand, there are significant
differences in their impact. The minimal relaxation of forces due to the debris flow compared to the avalanche impact is surprising. Other
studies show a significant pressure drop after deposition (Nagel and Hiuibl, 2020). This may be related to the rapid drainage of the debris
material through the network structure and the subsequent dominant active earth pressure. The slow load build-up indicates continuous
infilling by the debris flow rather than an abrupt impact. Therefore, the anchor system is not suddenly stressed as it would be in the event
of rockfall and is able to distribute the load along the length of the anchor. Remarkable is that, during the debris flow event, there is a signif-
icantly higher utilization of the IBO 51 anchor in shear force than in the axial direction, due to the higher transverse load at the base plate
in frame#2. This may have considersable impact for combined application design. As a result, structures like the Snowcatcher may approach
their failure threshold much more rapidly due to multiple debris flow events. It is important to note that in the context of climate change,
we can expect an increased likelihood of various natural hazards affecting the same object. Therefore, this should be taken into account

more rigorously when designing such structures.
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