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IN FRANCE

« BACKTO CONTENT

ABSTRACT

In France, we have several years of observation of protection structures against avalanches carried out on state lands. Changes in the snow
which is covering the structures as snow bridges, can be observed, certainly linked to climate change. In their expert missions and when
defining proposals for improvement and creation of protection systems, the state expert try to define “broad lines” for considering changes
linked to global warming. This document presents the latest findings and the potential consequences for the management of such structures.
On this basis, management guidelines are proposed. In particular, it is possible to anticipate changes in crawling actions on snow cover
retaining structures. It is possible to anticipate the difficulties for diversion dam type structures to maintain their function in case of filling

by avalanches of wet snow.

INTRODUCTION

In a context of climate change, the National Forest Office — Mountain Restauration Service are faced with questions concerning the man-
agement, diagnosis, and design of avalanche protection devices, particularly in the RTM National forests (FDRTM) where the management
is conducted on behalf of the Ministry of Agriculture. The consequences of global warming are identified in the trends. However, it remains

difficult on the only basis of trends to specify future technical choices for the management of existing devices and the creation of new ones.

FORESEEABLE CONSEQUENCES OF CLIMATE CHANGE
Concerning avalanches, the document published by the Ministry of Ecology (Ministere de I'Ecologie, 2023) for the qualification of excep-

tional avalanches, describes the foreseeable consequences in its chapter 8.

Until 2050, at the best, a stabilization of the climate is expected. This leaves a minimum of 30 years of evolution to anticipate. Current ava-
lanche engineering relies on active structures which lifespan is on average of 10 to 50 years (10 years for temporary wooden structures, 25
years for flexible snow nets, 50 years for the snow bridges made of steeD).

High altitude (above 3000m) structures (generally active protection) must adapt to the consequences of warming: densification of the snow
cover under the effect of rainy episodes in the middle of winter, which saturate the snow, and modify the effects of the creeping of the snow

cover, increased exposure to rock falls and mud flows, changing of foundation conditions with disappearance of permafrost, landslides, ...

Low-altitude (below 2000m) structures (especially dams) must adapt if torrential activity undergoes significant changes. Avalanches of wet

snow forming thick, slow tongues (warm plug regime) can also interact in surprising ways with earthworks (bypass, localized overflow, etc.).

Areas Favorable tendencies Unfavorable tendecies

Terrain: topography, | Possible establishment of woodland higher up in altitude. Vulnerability of woodlands to warming (fire...).

vegetation cover

Recent snowfall Decrease in precipitation in the form of snow (variation in the At high altitude, there will be little change (precipitation is mainly in the form of

rain-snow limit) at low and medium altitudes. The stock of snow | snow). Possible appearance of sectors where accumulations will increase. Extreme
taken up by avalanches during propagation will decrease as a situations already experienced may recur (but over shorter periods). Perception
result of the rise in the rain-snow limit and the increased may be distorted, as average trends do not represent avalanche activity, which is

cohesion of the surface layers due to moistening/compaction. linked to extreme precipitation over a short period.

Wind No tendancy

Heat balance

Faster transformation (metamorphosis of wet snow) of the
snowpack under the effect of temperature or rain (reduction in
the duration of the risk of an avalanche starting after

precipitation due to the rapid transformation of the snowpack).

Rapidly changing situations, making it very difficult to judge extremes. There may
be aerosol avalanches at the same site over a very short period, while the overall
trend remains towards wet snow avalanches, given the very rapid transformation
of the snowpack. It is therefore difficult to know whether or not the aerosol
scenario is a reference scenario (the Pyrenees context has illustrated this difficulty

for several decades now).

Stratigraphy of the
snowpack /
persistent fragile

sub-layer

Rain will tend to homogenise the snowpack at low and medium
altitudes (metamorphosis of wet snow, which are generally

much more stable when not saturated with liquid water).

Sliding mechanisms that carry away the entire thickness of the snowpack (creep

on unfrozen ground), slush phenomena (waterlogged snow).

Table 1: Influence of climate change on the triggering factors of avalanches
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ILLUSTRATIONS OF POSSIBLE DEVELOPMENTS

The examples given illustrate situations that could increase. For the practitioner, if a little more technical details were provided (e.g. snow

depth, amount of new snow or rain, temperatures, size of mitigation measures, involved avalanche volumes, damages....), it might be useful.

a) Effect of snow humidification on creeping and gliding

The FDRTM of the Pyrenees are an early illustration of this effect, due to the specific snow conditions of the Pyrenees massifs. The av-
alanches of December 13, 2019, demolished structures in the FDRTM of Capet. Rain at 2000 m fell on a layer of new snow, causing the
snowpack to densify and triggering snow slides that caused toppling of supporting structures. Equivalent effects are increasingly observed

in the Northern Alps, where old systems show significant damage in unfavourable conditions, this is the case in the FDRTM of Frumezan

(Saint Colomban des Villards, Savoie).

The humidification of the snowpack can generate snow slides within the controlled area. In Bessans (Savoie), the snow nets system pro-
tecting the arrival of the skilift was crossed by two flows of wet snow without any damage.

Ilustration 1: snow flows saturated with water in an avalanche release area controlled with snow nets (Bessans, Savoie)

b) Formation of slush flows

The slush avalanche is a rapid flow of water-saturated snow, mud, and debris (leaves, branches, etc.).

Event of January 8, 2018, in Lanslebourg (Savoie). During the night from January 8th to 9th 2018, a mixture of mud- and snowslides oc-
curred in the neighbourhood of “les Contamines”. The materials came from superficial landslides initiated in fluvio-glacial type materials.
They mobilized the entire snowpack.

Illustration 2: slush avalanche in Lanslebourg (Savoie)

Event of January 4th, 2018, at Thones (Haute Savoie). On January 3rd and 4th, 2018, after rain, a slush avalanche was triggered upstream of
chalets. The flow hit and destroyed one old chalet, it travelled a distance of more than 500m.
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Ilustration 3: Slush avalanche in Thones (Savoie)

C) Warm plug mechanism and interaction of wet snow flows with avalanche dams

The Bonnenuit avalanche in Termignon (Savoie) illustrates this type of mechanism and evolution. On January 3rd, 2018, an avalanche filled
the deflecting dam at the top of the alluvial cone of the Bonnenuit torrent and a tongue of wet snow spread to Lake Sollieres at 1330 m. On
January 4th, an new avalanche overflowed the torrential channel on both banks at the level of the alluvial cone and spread, in the shape of

tongues of wet snow down to Lake Sollieres at 1335 m. Illustration 4 shows the shape of the tongue-like deposits.
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lllustration 4 : It shows the avalanche deposits with the various avalanche tongues consisting of wet snow in Termignon (Savoie)

d) Decrease in snow depth

This situation is for example described by RTM in an avalanche risk study for the project to extend the Martin Hut, in Villaroger (73). The
hut is generally completely covered by snow during the winter hence protected from the effects of winter avalanches. Depending on the
evolution of the snowfall and if it decreases, effects of avalanches will increase.

The examples presented clearly show that the conventional design of avalanche protection structures is questioned by the increasing influ-
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ence of climate change and is becoming more challenging :

. Multiple avalanches on deflecting dam.
. Strong effects of wet snow on active protection structures.
. New wet avalanches for which “classic” protection solutions must be adapted.

HOW TO DEFINE THE REFERENCE SCENARIO(S) AND THE CHOICE OF THE PROTECTION STRATEGY IN A CONTEXT OF CLIMATE CHANGE
There were already uncertainties for structural sizing choices. We do not always find in the old projects the trace of all the choices. It is
through simplified and clear hypotheses at the level of the structures that it is possible to assess the origin of possible damage. These may

be due to changes in snow conditions but also to errors in assessing reference scenarios or sizing errors.

It now appears that the reference scenario(s) will evolve in a probably significant manner over the life of the structures. Avalanche engi-
neering is faced with two challenges:

1. diagnosis of existing devices: is the damage observed due to changes in the reference scenario or to sizing errors? Should the structures
be rehabilitated or abandoned ? Are existing structures sufficiently sized to withstand changes ?

2. anticipation of developments and therefore actions on the structures for the sizing of new measures, for the resumption of old structures

and the design of new ones.

There are generally two types of extreme scenarios: dry snow and wet snow.

The dry snow scenario: heavy snowfall at high altitudes triggering avalanches that can develop high speeds and mobilise large volumes,
with additional recovery mechanisms during propagation. This leads to dry snow avalanches, powder and mixed avalanches. Today, this
scenario is particularly impacted by climate change. The greater the difference in altitude between the starting zones and the avalanche
runout, the greater the chance that, compared with historical avalanches, the conditions for propagation will not be the same, with a lack
of available snow at low altitudes. The lower the avalanche propagates, the more likely it is that the rheology of the avalanche will change

to wet snow as it propagates.

The wet snow scenario: this is not generally the scenario that generates the largest volumes and impacts the largest areas, but it is the one
that generates the strongest pressures.

To sum up, we can expect a downward trend in the frequency of dry snow scenarios, while that of wet snow will increase. Climatic condi-
tions will also mean that conditions favourable to the occurrence of major dry snow scenarios (large powder and large dry snow avalanches)
will be met over shorter periods (shorter duration of cold spells, absence of light dry snow at lower altitudes following the thaw, etc.). This
reduction in the duration of exposure may make it possible to change the protection strategy by using temporary measures, as these become
acceptable. For existing structures, rather than rehabilitating the structures, it may be more appropriate to study the feasibility of additional
measures. If the critical phases are identifiable (cold period with heavy precipitation and presence of a snowpack already established),
temporary measures can be adapted. However, the criteria for the order of evacuations must be clearly defined (adapted Local Prevention of
Avalanche Risk approach, benchmark for assessing the situation, etc.). In a climate that is changing, but for which the main trends are known
(reduction in the frequency of avalanches reaching the affected areas), these temporary measures could evolve and, in many situations,
complement the existing measures for each structure. For new structures, the design must consider from the outset the need for follow-up
and monitoring measures to keep the measurements as up to date as possible in line with trends observed at the site. The design must

anticipate "stronger" actions due to wet snow and possibly other hazards whose frequency could increase (ice/rock falls, mudslides, ...).

DESIGN OF PASSIVE STRUCTURES

For passive protections such as catching dams, the updated functional dimensioning rules mean that by considering the dry snow scenario,
the wet snow scenario can be managed (see Ministere de I'Ecologie, 2020). For the deflecting dams, this finding needs to be weighted, as
the depth of snow in the structure will have to consider the stopping effect of the dam for very wet snow. Repetitive scenarios involving

wet snow could become significant.
For older structures which do not always meet current design standards, particularly as these structures were designed based on what was

observed. The recommendations (see Ministere de 'Ecologie, 2020) are a diagnostic tool. Deflecting dams will be the ones most in question.

Diagnosis or the creation of new projects will have to consider the altitudes of the source zones. The points to watch are listed in Table 2.

CONFERENCE PROCEEDINGS | INTERPRAEVENT 2024 899



Watershed Low to medium altitudes (< 2000m) | Medium to high altitudes (2000 - 3000 m)
source of

avalanches

Stop dam Anticipate the appearance or The dry snow scenario may be the subject of evacuation

increased frequency of other instructions if it is not possible to raise the level of the slope
phenomena (mudflows, etc.). No or install braking piles. For the design, identify the cases
sizing problems. Traditional method | where the upstream shock must be taken into account,
adapted. situation where the Froud number will remain high, high
speed and channelled flow, otherwise the traditional
method may suffice. Anticipate the appearance or

increased frequency of other phenomena (mudflows, etc.).

Deflecting dam | Evolution to be expected towards Study 2 scénarios.

catching dam. If the altitude is low, evolution to be expected towards

Traditional method adapted. catching dike. Do not neglect the upstream shock

Platform / Do not neglect the coefficient of friction p (action of wet snow), do not neglect the hydrostatic thrust of wet snow.
braking piles /

gallery

Table 2: Elements for designing passive structures in the context of climate change

DIMENSIONING OF ACTIVE PROTECTION

The most significant factor is the variability of the snowpack parameters used to determine the structural dimensions of supporting struc-
tures. There is increasing evidence of ground avalanches and glide cracks, illustrating the effect of gliding. The INRAE DGPR work in pro-
gress as part of the ReGliss project (Thierry Faug, 2022) highlights the impact of gliding on actions. This report shows the clear increase in
action values in a landslide context in existing physical models. It proposes a corrective measure involving the installation of macro-rough-
ness upstream of retention structures. This measure has been developed over the last few years in a new form, with the use of crosscut
logs. Tt corresponds to the old practice of creating benches. The design rules must take account of these developments by adopting more
conservative approaches. The actions of French standards can be used as a basis, but it is now important to check that their assumptions
still apply to the contexts in which they are installed (Ministere de I'’Agriculture, 2019). If this is not possible, constructive measures should
be put in place: choose a lower distance between supporting structure than existing guide, creation of 'macro roughness' by anti-glide
structures, by benches or even specific dimensioning with a definition of the project situation with its own action values (a weighting of the
values in the existing standards is possible). Supplementing structures with planting at medium altitudes is also becoming a solution that

should be identified almost systematically.

Anticipate the effects of water-saturated snow.
Tightening lines, creating macro-roughness,
planting in association. Anticipate exposure to

new phenomena (mudslides, boulder falls, etc.)

association. Anticipate exposure to new
phenomena (mudslides, boulder falls, etc.).
Anticipate low-altitude phenomena that will

occur more and more frequently (slush

Watershed Low to medium altitudes (< 2000m) Medium to high altitudes (2000 - 3000 m) High to very high altitudes (>3000m)

source of

avalanches

Active Reduction in the reference height of structures | Anticipate the effects of water-saturated snow. Do not overlook the fact that in certain sectors
protection (in accordance with French standards). Tighten lines, create macro-roughness, plant in rainfall heights may become higher. The

reference height (in accordance with French
standards) may increase in some places.
Anticipate the melting of permafrost for

foundation systems.

avalanches, whale mouths, ...).

Table 3: Elements of the design of active structures in the context of climate change

MAIN RECOMMENDATIONS: SUMMARY

To sum up, the main recommendations to consider the effects of climate change in paravalanche engineering :

e Integrate the assumptions made concerning the effect of global warming into the design of structures in a transparent manner. This
means being clear about the baseline scenario(s), the project scenario(s) for the structure and the residual hazard.

e In the case of active protection by supporting structures, in the most vulnerable contexts (low to medium altitudes, valley bottoms, sen-
sitive slopes): tighten the screen lines, create macro-roughness and encourage reforestation where possible. Deviate from the standards
and carry out specific dimensioning in specific cases.

e In the case of passive protection, great care must be taken with deflecting dams. Monitoring filling can become useful to anticipate
situations where this is exceeded so that temporary measures such as evacuation can be implemented.

e Identify the sectors where the general trend (declining) will be distorted by a potential increase in snowfall at high altitude (over 3000

m) and/or the appearance of new phenomena (serac falls, ice/rock falls).
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