GLIDE-SNOW RELEASE AREA TRUNCATION WITH GEOTEXTILE MATS
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ABSTRACT

Glide-snow avalanches are a growing challenge for hazard and risk management. With extreme snowfall events and rapid warming peri-
ods, full depth glide cracks leading to avalanches pose a common hazard problem. Glide-snow initiation and progression toward failure is
driven by a cohesive snowpack and loss of friction along the snow-ground interface. While the intricate interplay of topography, weather
and snowpack conditions driving glide-snow avalanche release renders their prediction and control particularly challenging. Blasting efforts
remain ineffective due to the high shockwave attenuation in a wet snowpack. And traditional stabilisation methods with wooden tripods
or snow barriers are intrusive to the landscape and block land for agricultural use. This contribution provides an overview of research and
findings into a novel application using geotextile mats designed to truncate glide-snow release areas by early removal of snow. Strategic
placement of low friction geotextile mats removes snow accumulations and truncates the potential release area disrupting snowpack con-

nectivity and large lateral involvement of snow-mass that could result in avalanche.
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Figure 1: Snow covered slope above a house in Frauenkirch Davos affected by glide-snow activity. The low friction geotextile mats were installed in winter 2022/2023 to the left and induce

early sliding of snow accumulations directing slides away from the house.

INTRODUCTION

Glide snow activity is a result of snowpack creep and basal sliding along the snowpack ground interface and can occur on slopes as shallow
as 25° (Margreth, 2016). Stationary snowpack surrounding the glide snow area provide resistance to the sliding motion. At the crown of the
slide tensional forces must be overcome along with shear forces in the flanking stationary snowpack and compressional forces at the foot of
the slide in the Stauchwall (Holler, 2014 & Lackinger, 1989). Initiation of glide snow activity is indicated by snowpack crack openings at the
crown, referred to as fish mouths or Fischmiuler, exposing the ground surface beneath. Further snowpack gliding leads to shear failures in
the flanking snowpack and in the compression zone of the Stauchwall resulting in gliding snow avalanches. A formulation of the glide-snow
avalanche stability state is presented in Bartelt et al., (2012). Whereby a common factor attributed to driving basal sliding is lubrication due

to liquid water from snow melt or rain on snow infiltration (McClung & Clark, 1987).

Despite the current level of knowledge on mechanisms of gliding snow avalanches, the intricate interplay of topography, weather and snow-

pack leading to glide avalanche release remain poorly understood and pose considerable challenges for science and practice.

Gliding and creeping of the snowpack as well as glide-snow avalanche hazards are gaining importance both within the scientific community
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as well as professionals in local municipality-based avalanche committees, ski patrollers along with safety officers of transport operations
(Etter et al. 2011, Techel et al. 2013). Within the avalanche incident registry of Switzerland (SLF, 2022), eight deadly incidents on traffic routes
(streets, ski slopes etc.) in the past twenty years (01.10.2001 — 30.09.2021). Of these incidents four were caused by glide-snow avalanches
(SLF, 2022). It is anticipated that glide-snow avalanches will increase in such statistics due to the influence of a changing climate on snow
deposition and melting (Marty et al., 2023). It appears that there is a trend towards conditions favourable for the disposition and release of

glide-snow avalanches (Maggioni et al. 2019 & Pielmeier et al., 2013).

Alongside the potential increase in favorable conditions for glide-snow avalanche formation, their release can be particularly damaging.
Glide-snow avalanches are characterized by full depth release of an often wet and highly dense snowpack and can cause high pressures
exerted on objects. For example, in Elm, Switzerland during the winter 1998/99 the glide-snow avalanche caused displacement of a chairlift
tower 8 m downslope which would have required 500 kPa of pressure (Ammann, 2000). Similarly, recurring glide-snow avalanche events
damaging the chair lift of French ski resort of St. Francois Longchamps in 2012 and 2015 are testimony to their importance (McGuire, 2015).
In Uri, Switzerland in 2008 a 12 t heavy wheel loader was pushed off the road by a 20 m wide glide-snow release crown after only travelling
5.0 m (Etter et al. 2008). Along with damages the threat of glide-snow avalanche release is particularly problematic for the management of
ski areas. With limited monitoring options and the unpredictability of glide-snow avalanches makes for challenging decisions in maintaining
ski-operations where principal ski pistes are threatened as was the case in the glide-snow avalanche event in 2012 on the Parsenn ski area
of Davos (Stoffel et al., 2015).

Managing glide-snow avalanches has been a challenge for practitioners and no single technical solution exists today that can be applied to
many glide-snow problems. Glide-snow avalanche mitigation structures, such as tripod structures, berm steps and ground impalements are
meant to prevent snow creep, snow gliding and glide-snow avalanches. Structures such as snow bridges or snow nets are meant to hold
back loose snow avalanches and slab avalanches (Leuenberger 2003). Pro-active control measures such as explosives (Jelk 2020, Simioni
2016) at the opened glide-crack or Stauchwall or also significant amounts of additionally added water through heli buckets or water hoses

have been tested while with little success.

Glide-snow hazard management through monitoring applying satellite-based optical remote sensing and terrestrial remote-cameras has been
attempted (Feick et al., 2012 and van Herwijnen & Simenhois, 2012). Although detection is possible with these methods, the resolution and
camera angle (often pointing up slope) make it difficult to provide a detection of the opening of a glide crack in a timely manner. Whereby
glide rate cannot be resolved due to coarse resolution imagery. Moreover, it is frequently the case that glide-snow failure and avalanche
follow the initial camera detection of glide cracks. Given the uphill pointing camera view, the glide-snow movements are greatly advanced

towards failure by the time a glide crack is detected.

Nonetheless, glide crack monitoring has provided useful insights into the mechanisms driving glide-snow avalanches and linking them with
terrain and weather conditions e.g. Fees et al. (2023). Moreover, they provide insights into the importance of water driving glide-snow activ-
ity (Ceaglio et al., 2017) through monitoring soil and snow conditions, confirming the significance of water accumulation at the interface in
the formation of glide-snow avalanches (Fees et al., 2022). The research provided direct observational evidence of the relationship between
water content and the development of glide cracks. Lombardo et al. (2023) extended the understanding of water accumulation mechanisms
in glide-snow avalanches by introducing the concept of capillary suction as a mechanism for interfacial water formation. This study added

to our knowledge of how water infiltrates the snow-ground interface.

Pleyer (2023) concluded that several approaches have been made to predict the point in time when the entire snowpack releases and trans-
forms into a glide-snow avalanche, especially focussing on either the meteorological conditions (e.g. Dreier et al. 2016) or by installing glide
shoes within the snowpack (Maggioni et al. 2019). However, these efforts proved inapplicable at the operational level and served rather to

analyse a triggering in hindsight instead of now- or even forecasting an avalanche release.

APPLICATION

This research investigates an alternative approach to manage glide-snow avalanches than traditional stabalisation methods using wooden
tripod supports (e.g. Leuenberger, 2003). Impermeable low friction geotextiles are applied to glide-snow affected slopes to mitigate snow
accumulation and disrupt the formation of large area glide-snow avalanches. The geotextile mats measuring approximately 3.2 meters in
width and up to 75.0 meters in length, are anchored to terrain prone to glide-snow avalanche releases. The geotextile mats are made of
reenforced translucent High Density Polyethylene (HDPE) foil which is suitable for the anticipated snow loads and allows up to 80% of light
through to the underlying ground. They are impermeable and thus snow melt water coalesces at this surface boundary which is thought to
reduce surface friction and contribute early snow removal through sliding of small snow quantities. In a preliminary study which identified

the suitable material (Glover et al., 2022) by installing different possible geotextile mats were tested side by side on a 30° slope at 1700 m
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a.s.] in Flielatal Davos. A remote camera recording slide activity could observe small snow accumulations from ~2.0 cm slid away from the
geotextile, where on smooth grassy slopes snow accumulated. The appearance is white which blends into the surrounding snow scape, and

its translucency allows sufficient light through to promote vegetation growth. The effects of which are discussed later in this contribution.

The geotextile mats are finished in 25.0 m lengths weighing ~30.0 kg which facilitates transport and installation in alpine terrain. The geo-

textiles are anchored to the terrain through reenforced eyelets using steel bar anchors that can be manually installed with a hammer.

The optimum layout for the geotextile mats is established through site specific glide-snow hazard case studies, desktop terrain analysis and
onsite inspection. Layouts in parallel strips with spacings of around two times the material width enables an efficient coverage and targeted
truncation of the glide-snow release area. Experiences have shown that following snowfall events the early sliding of the snow on the ge-
otextile mats can also pull the flanking snowpack along with the slide under cohesive snow conditions (Figure 2). This effect can generate
up to a 10.0 m working width for the 3.0 m geotextile width. While it should be mentioned that this effect was only observed during the

winter season of 2022/2023 with very little snow. This effect remains to be observed during a winter with high snowfall and deep snowpack.

Figure 2: Glide-snow event captured following snow fall event on the 3rd of February 2022 in which the flanking snowpack is also pulled along with the sliding snow. The green arrows
indicate a region of shearing in the flanking snowpack as the sliding snow moves past a region of stabilization stabilisation also tested at this site. The blue circle captures buckling in the
snowpack as it slides down. The blue arrow at the base shows accumulated slide debris at the base of the slope. An animation of this slide can be viewed at the following link: https.//

www.wyssenavalanche.com/en/gliding-snow-survey-of-practitioners-new-technologies-for-controlled-release/

With the early removal of small snow accumulations from the glide-snow avalanche release area, the potential for avalanche formation is
reduced. Snow slides occur in manageable volumes that present little hazard. Additionally, to the removal of snow mass, the offset layout
of geotextile strips truncates the release area preventing lateral connectivity of the snowpack and reduce on mass area releases and the

associated avalanche volume.

The low friction properties of the geotextiles coupled with their impermeable surface establishes an artificial weak layer at the snow-ground
interface and utilizes the theory of interfacial water accumulation, as driving force behind glide-snow avalanche dynamics. The snow melt
driven by air temperatures and solar radiation can percolate to the geotextile boundary, while also snow melt through ground temperatures
has the potential to melt snow at the snow-geotextile interface. The translucent nature of the geotextiles is thought to enable the absorption
of solar radiation and associated heat storage within the underlying ground. This dual functionality aids in both snow melting and heat re-
tention. Within this research thermal imagery, temperature monitoring, and soil moisture sensors are employed to assess the effectiveness of

this heat storage mechanism. Data is collected from areas with and without geotextile coverings to assess the system's heat storage capacity.

METHODS
Developing the use of geotextiles for glide-snow management, this research campaign has established five pilot project sites that assess the

application for glide-snow hazard slopes affecting settlement, transport routes and a ski area.
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Settlement: At the pilot project in Frauenkirch Davos, glide-snow activity impacts a house (Figure 1) which has in the past resulted in the
toppling of the house garden wall. The geotextile mats are

installed through the main glide-snow region and deflect the snow slides away from the property.

Transport route 1: The pilot project in Churwalden involves a 50 m long 25 — 28° south facing slope that incurs regular glide-snow activity

affecting a popular winter walking and ski touring route.

Transport route 2: In Zermatt the pilot project glide-snow slope is southeast facing 30-35° and situated above the main goods train station.

Unsuccessful attempts to manage the hazard through blasting (Jelk, 2020) lead hazard management officials to seek alternative solutions.

Test slope: The purpose of the test slope was to install the geotextiles in a highly active glide-snow area. The slopes at Frauenkirch Davos
are 30° and south facing offering a high rate of natural glide-snow activity with good access for design testing and monitoring of natural
conditions. At this location we were able to profit from advanced monitoring of the weather and snow conditions through the work of Pleyer

(2023) and could gain readings of solar radiation, wind, and snowpack measurements.

Ski area: The final pilot project is situated in the Parsenn ski area of Davos (Figure 3). The principal valley ski run is affected by glide-snow

activity. In 2012 the south facing 30° glide-snow slope led to a glide-snow avalanche that inundated the ski piste (Stoffel et al., 2015).

Figure 3: Installation of the pilot project on Parsenn, Davos 29.11.2022. Three bands of glide snow foils and temperature sensors covered with geotextile (light blue) and not covered (pink).

For all the locations geotextile mats were installed in the autumn months before the onset of an established snowpack. According to the

location requirements, lengths of between 25.0 m and 75.0 m of the geotextile mats were installed.

The glide-snow activity and progress of the geotextile mats in removing snow accumulatios was monitored with the use of remote field
cameras, ground temperature and soil moisture sensors installed in regions with and without the geotextiles along with site visits and pho-

togrammetric site surveys employing both optical and thermal imagery.

Cameras: The remote cameras employed were a combination of live webcams, GSM capable and standard automatic cameras along with
long range high-definition cameras observing the site locations. The cameras served to document snow slides following snowfall events,
monitor snow accumulations, and provide live information for officials managing the locations. Observations were taken at 15-minute in-

tervals throughout the winter season.

Ground temp & moisture: For the ground temperature and soil moisture monitoring TOMST data loggers (Wild et al., 2019) were installed
at all locations with a sampling interval of 5.0 minutes (Figure 4). The loggers are 30 cm long comprising of a housing for the battery and
logging devices and the soil moisture probe. Three temperature sensors are integrated at regular intervals over the length of a 30 cm length.

The loggers were installed under the geotextile mats and in locations without the geotextile mats for comparison.
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Figure 4: The TOMST temperature and soil moisture content loggers (Wild et al., 2019) are inserted to full depth in the ground measuring the surface temperature under the geotextile mats

and in areas that are not covered by the geotextile mats.

UAV surveys: The optical and thermal orthogrametric surveys employed the Mavic Phantom 4 RTK and Mavic T3 thermal UAVs. The surveys
served to document the locations of the geotextiles in the terrain and assess the thermal contrast between the regions of the geotextile mats
and the snowpack (Figure 6). Surveys were also conducted during no-snow periods during the winter and in the spring months. Especially

to monitor the effect on the ground vegetation of applying geotextile coverings.

RESULTS AND DISCUSSION

Even though the observation winter season of 2022/2023 yielded little snow with a shallow snowpack, the geotextile mats consistently lead
to sliding of fresh snow as soon as several centimetres were fallen (e.g. Figures 1, 2 & 6). Although it has been observed that the sliding
snow on the foils can also drag the flanking snowpack to failure. This effect has only been observed during the winter of 2022/2023 which
was a winter with exceptionally little snow and shallow snowpack. This effect remains to be observed during a winter with large amounts of
snow. In the runout of the mats, the snow accumulated. This led to a densification of the snow. With time, the accumulated snow started

to pile up a few meters below the end of the runout. This effect needs to be addressed in future installations.

As can be observed by the UAV-imaging, the measured surface temperatures on the glide foils are significantly warmer than the surround-
ing snow surface temperatures (Figure 6). The three temperature measurements underneath the foils indicate a daily temperature in- and
decrease. The largest temperature difference (AT > 30 °C) can be seen in the temperature T Ocm (green boxplots, Figure 5) corresponding
to the uppermost temperature measurement right at the soil — geotextile interface. The red boxplots in Figure 5 corresponds to the temper-
ature measurement -15 cm deep in the soil (AT ~ 17 °C) while the blue boxplots correspond to the temperature measurement -23 cm deep
in the soil (AT ~ 11 °C).

On the other hand, those temperature measurements that were not covered by the geotextiles, only the uppermost temperature meas-
urement TOcm (green boxplot; Figure 5) shows a daily in- and decrease (only partly AT > 30 °C). The other two measurements indicate a

temperature around 0 °C with a change of less than 1 °C.

Figure 5: Boxplots indicating the temperature readings from the TOMST sensors from periods of snow cover during the winter season 2022/2023. The depths of the temperature readings
are given on the left-hand side, from the ground snow ground interface down to a depth of 23 cm. The darker coloured boxplots are the data from the sensors placed under the geotextile

mats, and the lighter coloured boxplots are the sensors placed out open in natural terrain.
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For the entire measurement period, from December 2022 until February 2023, the average temperature of the sensors covered with geotex-
tile were 4°C whereas sensors without geotextile coverage ranged between -1°C and 1°C. This indicates that the above 0°C temperatures

lead to a significant contribution to snow melt.

By comparing these temperature measurements from underneath the geotextiles and the non-covered measurements it can be assumed
that there are two processes affecting the temperature measurements, (1) the snow being removed from the foils due to the low friction
properties of the geotextiles and (2) a greenhouse effect is created underneath the geotextiles. The first process of snow removal can have
a cooling effect by removing the snow which acts as an insulation layer but also allows solar radiation to directly impact the geotextiles and
the soil respectively. The second process of an artificial greenhouse effect is warming the soil. This effect impacts the soil at least -23 cm
deep in the soil. As the behaviour of the temperature measurements indicate, subsequently a warming of the soil is reached by applying

these geotextiles.

Warm

Figure 6: Visual (left) and orthomosaic (right) image of the IR records by a DJI Mavic 3T drone from the Parsenn ski resort on 26.01.2023. The drone is looking down-slope on this image at

the three strips of geotextile folis. The IR measurements are not calibrated and thus should only be interpreted in a relative way and not with absolute temperature values.

One of the largest uncertainties was the effect of the foils on the underlying ground — which is often used as farmland during the summer
season. Already early experiments (Glover et al., 2022) showed that the applied foil type is much more suitable than a material that does not
allow for light to penetrate. Overall, a much earlier growth of grass was observed below the foils compared to the natural and undisturbed
areas around (Figure 7). This was attributed to the fact that snow was continuously removed throughout the winter combined with the trans-
lucent foils and a favourable climate at the soil-foil interface. In the short term the application of the foils does not seem to have a negative

effect on agricultural applications of the land in summer. If changes to plant diversity occur in the long term is part of ongoing research.
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Figure 7: Patches of meadow (left) just after removing the geotextile on the 19.04.2023. Differences in growth to the neighbouring undisturbed areas. In the right image plots the NVDI

index from a multispectral scan of the terrain that was covered by the geotextile mats. Darker green colours indicate strong vegetation growth in the regions where the geotextile mat was

installed, clearly visible through the dark green band.
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CONCLUSIONS

In summary, this investigation explores the feasibility of impermeable low friction geotextiles as a solution for glide-snow avalanche man-
agement. The approach's ability to induce early sliding of snow and harness solar energy for heat storage holds promise for avalanche
prevention and snow accumulation reduction. To date their effectivity has only been observed during the winter of 2022/2023 which was a
winter with exceptionally little snow and shallow snowpack. The application remains to be fully tested during a winter with large amounts

of snow. The findings from this study could have significant implications for avalanche management strategies.
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